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Activation of a truncated PR-1 promoter by endogenous 
enhancers in transgenic plants. 

Beilmann A, Albrecht K, Schultze S, Wanner G, Pfitzner UM. 

Botanisches Institut, Ludwig-Maximilians Universitat, Munchen, FRG. 

PR-1 genes are induced by various environmental stimuli such as pathogen attack 
or exposure of the plants to certain chemicals. To examine the regulation of these 
genes, the 5' flanking regions of the PR-la gene and of two PR-1 pseudogenes 
were joined by a transcriptional fusion to the Escherichia coli beta-glucuronidase 
(GUS) gene. These constructs were stably integrated into the tobacco genome and 
independent primary transformants were monitored for the expression of the 
reporter gene. Unexpectedly, out of 55 transformants analysed, four plants 
exhibited considerable GUS activities without any inductive treatment of the 
plants. Expression of the endogenous PR-1 genes, however, could not be detected 
in these plants. Primer extension analyses revealed correct initiation of the 
PR1/GUS hybrid transcripts from the PR-la TATA box. When the plants were 
analysed at the cellular level, clear differences regarding the tissue specificity of 
expression of the reporter gene were observed. These results strongly suggest that 
the PR1/GUS hybrid promoter expression cassettes may be activated when 
integrated in the vicinity of heterologous enhancer elements dispersed in the 
tobacco genome. In order to support this hypothesis, domain B of the enhancer of 
the 35S RNA promoter from cauliflower mosaic virus (CaMV) was fused to 
various PR1/GUS hybrid genes upstream as well as downstream from the RNA 
start site. These constructs were stably introduced into the tobacco genome. In any 
primary transformant analysed, strong GUS activities were observed with the 
PR1/GUS hybrid RNAs originating from the normal transcription start site of the 
PR- la gene. The tissue specificity of gene expression was identical to that 
described previously for the CaMV 35S domain B enhancer element. Thus, 
modulations of the transcriptional activity of the PR-1 promoter can be achieved 
by heterologous enhancers in transgenic plants and may be encountered upon 
random integration of PR-1 promoter constructs into the tobacco genome. 

PMID: 1 73 1 979 [PubMed - indexed for MEDLINE] 
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A basic-type PR-1 promoter directs ethylene responsiveness, 
vascular and abscission zone-specific expression. 

Eyal Y, Meller Y, Lev-Yadun S, Fluhr R. 

Department of Plant Genetics, Weizmann Institute of Science, Rehovot, Israel. 

Pathogenesis-related (PR) proteins form a heterogeneous group of host-encoded, 
low-molecular-mass proteins that are secreted through the exocytic pathway. 
They are synthesized by the plant in response to various stimuli, including 
pathogen attack or exposure to certain chemicals. The PRB-lb gene of Nicotiana 
tabacum codes for a basic-type PR-1 protein whose transcription is regulated by 
ethylene. A minimal ethylene-responsive promoter element was defined by 
deletion analysis in transgenic tobacco plants. Promoter sequences containing 213 
bp or more were sufficient to enhance a 20-fold increase of beta-glucuronidase 
reporter gene expression in transgenic tobacco leaves exposed to 20 microliters 
1-1 of ethylene, while 67 bp were not sufficient to trigger ethylene responsiveness. 
All the constructs that retained ethylene inducibility exhibited phloem-specific 
activity, which was constitutive in petiole and pedicel abscission zones. This 
functional study was correlated to an in vitro screening of the major nuclear 
proteins 1 binding sites present on the promoter. Gel-shift analysis using nuclear 
extracts from ethylene-treated and non-treated plants revealed five 
sequence-specific protein-DNA complexes on promoter sequences spanning -863 
to -142 bp. Constitutive expression of the basic-type PR-1 genes at the leaf and 
petiole or flower and pedicel interfaces may represent pre-emption of plant 
defenses against potential pathogens, suggesting a functional similarity to 
pathogen-induced expression in the leaf. 

PMID: 8220480 [PubMed - indexed for MEDLINE] 
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Pathogen, salicylic acid and developmental dependent 
expression of a beta-l,3-glucanase/GUS gene fusion in 
transgenic tobacco plants. 

Hennig J, Dewey RE, Cutt JR, Klessig DF. 

Waksman Institute, Rutgers, State University of New Jersey, Piscataway 08855. 

The 5 f flanking region of a gene encoding an acidic beta-l,3-glucanase from 
Nicotiana tabacum was isolated and characterized. A chimeric gene composed of 
1759 bp of the promoter sequence from the PR-2 gene was fused to the 
beta-glucuronidase (GUS) coding region and used to transform tobacco. 
Transcriptional activation of the PR-2 promoter was investigated in response to 
inoculation with tobacco mosaic virus (TMV), after treatment of leaves with 
salicylic acid (SA), and in specific tissues during the normal development of 
healthy plants. In TMV-inoculated transgenic plants, GUS activity was induced 
locally around necrotic viral lesions and systemically in uninoculated leaves. GUS 
activity was also induced by treatment of leaves with SA. The chimeric gene was 
expressed in floral organs of healthy plants and in newly germinated seedlings. 
Analyses of a series of 5' deletions of the glucanase promoter indicated that the 
cis-acting elements necessary for induction by all these signals are localized in the 
region between -321 bp and -607 bp upstream of the transcription start site. 

PMID: 8220491 [PubMed - indexed for MEDLINE] 
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Identification of a salicylic acid-responsive element in the 
promoter of the tobacco pathogenesis-related beta- 1,3 -glue an ase 
gene, PR-2d. 

Shah J, Klessig DF. 

Waksman Institute, Rutgers, State University of New Jersey, Piscataway 08855, 
USA. 

The tobacco pathogenesis-related PR-2d gene encodes an acidic 
beta-l,3-glucanase. Expression of the PR-2d: uidA(GUS) chimeric gene is 
induced in leaves undergoing the hypersensitive resistance response to tobacco 
mosaic virus and after treatment with salicylic acid (SA), a chemical believed to 
play an important role(s) in disease resistance. We have constructed transgenic 
tobacco plants which carry various segments of the PR-2d promoter fused to a 
heterologous core 35S promoter driving the uidA(GUS) reporter gene. Their 
analysis indicates that sequences from -364 to -288 upstream of the PR-2d 
transcription start site confer a high level of activation by SA (20-fold). Mutations 
within this sequence, located between -339 and -333, depressed SA activation. 
This region is also required for the SA-inducibility of a truncated PR-2d:GUS 
chimeric gene. Contained within this region is a 25 bp element located between 
-348 and -324 which was specifically recognized by nuclear factors from tobacco 
leaves. No conclusive differences were observed in the ability of proteins in 
nuclear extracts from water-treated versus S A-treated plants to bind to this cis 
element in vitro. 

PMID: 901 1089 [PubMed - indexed for MEDLINE] 
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Characterization of a salicylic acid-insensitive mutant (sail) of 
Arabidopsis thaliana, identified in a selective screen utilizing the 
SA-inducible expression of the tms2 gene. 

Shah J, Tsui F 5 Klessig DF. 

Waksman Institute, Rutgers, State University of New Jersey, Piscataway 08855, 
USA. 

Salicylic acid (SA) plays an important signaling role in the resistance of many 
plants to pathogen invasion. Increases in endogenous SA levels have been 
associated with the hypersensitive response as well as systemic acquired 
resistance (SAR). SA also induces the expression of a subset of the 
pathogenesis-related (PR) genes. However, relatively little is known about the 
events occurring subsequent to SA accumulation during a resistance response. In 
order to identify mutations in components of the SA signal transduction pathway, 
we have developed a genetic screen in Arabidopsis thaliana that utilizes the 
Agrobacterium tumefaciens tms2 gene as a counter-selectable marker. 
SA-inducible expression of the tms2 gene from the tobacco PR- la promoter 
confers sensitivity to alpha-naphthalene acetamide (alpha-NAM), resulting in 
inhibition of root growth in germinating transgenic Arabidopsis seedlings. 
Mutants in which root growth is insensitive to alpha-NAM have been selected 
from this PR-la:tms2 transgenic line with the expectation that a subset will lack a 
regulatory component downstream of SA. The sail mutant so identified expressed 
neither the PR-la:tms2 transgene nor the endogenous Arabidopsis PR-1, PR-2, 
and PR-5 genes in response to SA. These genes also were not induced in sail by 
2,6-dichloroisonicotinic acid (INA) or benzothiadiazole (BTH), two chemical 
inducers of SAR. As expected of a mutation acting downstream of SA, sail plants 
accumulate SA and its glucoside in response to infection with an avirulent 
pathogen and are more susceptible to this avirulent pathogen than the wild-type 
parent, sail is allelic to nprl, a previously identified SA-noninducible mutation. 
The recessive nature of the noninducible sail mutation suggests that the wild-type 
SAI1 gene acts as a positive regulator in the SA signal transduction pathway. 

PMDD: 9002272 [PubMed - indexed for MEDLINE] 



: Display- | Abstract 



"EJ Show: | 20 Ufsort El Send to | Text EI 



1 of 2 



9/10/2004 12:45 PM 



Entrez PubMed 



http://www.ncbi.nlm, nih.gov/entrez/query. fcgi?cmd=Retrieve&db= : . 



Pubtyjjed 



National 
Library 
of Medicine 




f ntrftz 



PubMed 



Search PubMed 



About Entrez 
Text Version 

Entrez PubMed 

Overview 
Help | FAQ 
Tutorial 

New/Noteworthy 
E-Utilities 

PubMed Services 

Journals Database 
MeSH Database 
Stngle Citation Matcher 
Batch Citation Matcher 
Clinical Queries 
LinkOut 
Cubby 

Related Resources 

Order Documents 
NLM Gateway 
TOXNET 
Consumer Health 
Clinical Alerts 
ClinicaiTrials.gov 
PubMed Central 



Nucleotide Protein Genome 

II for | 

F Limits Preview/Index 



Structure 



OMIM 



PMC 



Journals 



Books 



History 



Clipboard 



Details 



Show: | 20 Bf [Sort Sj Text j| 

r 1: Mol Plant Microbe Interact. 1997 Jul;10(5):624-34. Related Articles, Links 

Two PR-1 genes from tomato are differentially regulated and 
reveal a novel mode of expression for a pathogenesis-related 
gene during the hypersensitive response and development 

Tornero P, Gadea J, Conejero V, Vera P. 

Institute de Biologia Molecular y Celular de Plantas (IBMCP), Universidad 
Politecnica-Consejo Superior de Investigaciones Cientificas, Valencia, Spain. 

Pathogenesis-related (PR) proteins form a heterogeneous family of plant proteins 
that are likely to be involved in defense and are inducible by pathogen attacks. 
One group of PRs, represented by the subfamily PR-1, are low-molecular- weight 
proteins of unknown biochemical function. Here we describe the cloning and 
characterization of two closely related genes encoding a basic and an acidic PR-1 
protein (PRlbl and PRla2) from tomato (Lycopersicon esculentum). We present 
a comparative study of the mode of transcriptional regulation of these two genes 
in transgenic tobacco plants using a series of promoter-GUS fusions. 
Unexpectedly, the chimeric PRla2/GUS gene is not induced by pathogenic 
signals but instead shows constitutive expression with a reproducible 
developmental expression pattern. It is expressed in shoot meristems, trichomes, 
and cortical cells as well as in vascular and nearby tissues of the mature stem. 
This constitutive expression pattern may represent preemption of plant defenses 
against potential pathogens. Conversely, the chimeric PRlbl/GUS gene does not 
show any constitutive expression in the plant, but it is transcriptionally activated 
following pathogen attack. Upon infection by tobacco mosaic virus, the PRlbl 
gene is strongly activated locally in tissues undergoing the hypersensitive 
response but not systemically in uninoculated tissues. Furthermore, its expression 
is induced by both salicylic acid and ethylene precursors, two signals that coexist 
and apparently mediate the activation of local defenses during the hypersensitive 
response. We speculate that the different mode of expression of the two genes 
presented here, together with that reported previously for the induction of other 
PR-1 genes in systemic, uninoculated tissues, may all be complementary and 
necessary for the plant to acquire an efficient refractory state to resist pathogen 
attacks. 
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Isolation of an asparagus intracellular PR gene (AoPRl) 
wound-responsive promoter by the inverse polymerase chain 
reaction and its characterization in transgenic tobacco. 

Warner SA, Scott R, Draper J. 

Botany Department, Leicester University, UK. 

The Asparagus officinalis intracellular PR1 (AoPRl) gene is expressed in 
response to wounding and pathogen attack. We utilized the inverse polymerase 
chain reaction (IPCR) to isolate the cis-acting regulatory sequences of the AoPRl 
gene following unsuccessful attempts to identify hybridizing clones in genomic 
libraries. Sequence analysis of two IPCR products revealed that a 347 bp intron 
was present in the AoPRl gene and that it was probable that the AoPRl 
regulatory sequence had been amplified. To test the AoPRl cis-acting sequences 
for biological function a translational fusion was constructed with the 
beta-glucuronidase (GUS) reporter gene and tested in tobacco. These data 
demonstrated that sequences 982 bp from the probable start of transcription are 
sufficient to direct wound-inducible transcription and that there is no signal 
peptide encoded by the first 3 1 residues of the predicted AoPRl protein. 
Histochemical localization of GUS activity in transgenic tobacco demonstrated 
strong activity localized to wound and pathogen invasion sites. GUS activity was 
also found in mature pollen grains. 

PMID: 8220442 [PubMed - indexed for MEDLINE] 
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A Mutation in Arabidopsis That Leads to Constitutive 
Expression of Systemic Acquired Resistance 

Scott A. Bowling, 8 Allan Guo, b Hui Cao, a A. Susan Gordon, 8 Daniel F. Klessig," and Xlnnian Dong 8 * 1 

a Developmental, Cell, and Molecular Biology Group, Department of Botany, Box 91000, Duke University, Durham, 
North Carolina 27708-1000 

b Waksman Institute and Department of Molecular Biology and Biochemistry, The State University of New Jersey, Rutgers, 
Piscataway, New Jersey 08855 



Systemic acquired resistance (SAR) Is a nonspecific defense response In plants that is associated with an increase in 
the endogenous level of salicylic acid (SA) and elevated expression of pathogenesis-related (PR) genes. To identify mu- 
tants involved in the regulation of PR genes and the onset of SAR, we transformed Arabidopsis with a reporter gene 
containing the promoter of a p-1,3-glucanase-encoding PR gene (BGL2) and the coding region of ^-glucuronidase (GUS). 
The resulting transgenic line (BGL2-GUS) was mutagenized, and the M 2 progeny were scored for constitutive GUS ac- 
tivity. We report the characterization of one mutant, cpr1 (constitutive expresser of PR genes), that was Identified in 
this screen and shown by RNA gel blot analysis also to have elevated expression of the endogenous PR genes 0GL2, 
PR-1, and PR-5. Genetic analyses Indicated that the phenotype conferred by cprt Is caused by a single, recessive nuclear 
mutation and is suppressed in plants producing a bacterial salicylate hydroxylase, which Inactivates SA. Furthermore, 
biochemical analysis showed that the endogenous level of SA is elevated in the mutant. Finally, the cpr1 plants were 
found to be resistant to the fungal pathogen Peronospora parasitica NOC02 and the bacterial pathogen Pseudomonas 
syringae pv maculicola ES4326, which are virulent in wild-type BGL2-GUS plants. Because the cprf mutation Is reces- 
sive and associated with an elevated endogenous level of SA, we propose that the CPR1 gene product acts upstream 
of SA as a negative regulator of SAR. 



INTRODUCTION 



Systemic acquired resistance (SAR) is a general defense re- 
sponse that, when activated, protects plants from infection by 
a wide variety of pathogens (reviewed in Kuc, 1982). The re- 
sistance response can be activated by both biological and 
chemical inducers; biological inducers include aviruient patho- 
gens that usually cause necrotic lesions (Ross, 1961; Hecht 
and Bateman, 1964; Lovrekovichetal., 1968), whereas chem- 
ical inducers include salicylic acid (SA; White, 1979) and 
2,6-dichloroisonicotinic acid (INA; Metraux et al. t 1991). The 
appearance of SAR is accompanied by elevated levels of en- 
dogenous SA (Malamy et al., 1990; Metraux et al., 1991) and 
the expression of genes encoding pathogenesis-related (PR) 
proteins (Van Loon and Van Kammen, 1970; Ward et al., 1991). 

A causal link between PR proteins and SAR has yet to be 
established, but the timing of PR gene expression correlates 
with the onset and duration of SAR (Ward et al. t 1991; Uknes 
et al., 1992). Furthermore, some of the PR genes encode ex- 
tracellular proteins with p-13-g'ucanase and chitinase activities. 
Purified chitinase and 3-1,3-glucanase have been shown to 
inhibit the growth of several fungal pathogens (Schlumbaum 
et al., 1986; Mauch et al., 1988). 0-1,3-Glucanase has also 
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been suggested to be involved in releasing defense-activating 
elicitors (Keen and Yoshikawa, 1983; Mauch and Staehelin, 
1989). Moreover, elevated levels of some of the PR proteins 
in plants have been shown to confer resistance to certain patho- 
gens. For example, transgenic tobacco plants constitutively 
producing a chitinase are resistant to the fungal pathogen 
Rhizoctonia solani (Broglie et al., 1991), and plants constitu- 
tively expressing the PR-1a gene are resistant to the fungal 
pathogens Phytophthora parasitica and Peronospora tabacina 
(Alexander et al., 1993). Because of these associations with 
pathogen resistance, PR gene expression is used as a mo- 
lecular marker for SAR. 

Although little is known about the signaling pathway that 
leads to systemic resistance and the expression of PR genes, 
the importance of SA as a signal molecule for SAR has been 
well documented. Treatment of tobacco with exogenous SA 
induces resistance to pathogens (White, 1979) and expression 
of PR genes (Ward et al., 1991). Furthermore, increases in en- 
dogenous SA levels after infection with an aviruient pathogen 
have been demonstrated in tobacco, cucumber, and Arabidop- 
sis (Malamy et al., 1990, 1992; Metraux et al., 1990; Rasmussen 
et al., 1991; Yalpani et al., 1991; Enyedi et al., 1992; Uknes 
etal., 1993). In addition, a soluble SA binding protein has been 
identified in tobacco whose binding affinity and specificity 
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suggest its involvement in transducing the SA signal (Chen 
and Kiessig, 1991); this SA binding protein has recently been 
shown to be a catalase whose activity is inhibited by SA (Chen 
et al., 1993). The most direct evidence that SA piays an es- 
sential role in SAR comes from studies of transgenic tobacco 
plants expressing the salicylate hydroxylase-encoding gene 
nahG, which prevents the accumulation of SA by converting 
it to catechol. These transgenic plants fail to develop SAR af- 
ter pathogen infection (Gaffney et al., 1993; Vernooij et al., 
1994). However, grafting experiments done between this trans- 
genic line and a wild-type line indicate that, although SA is 
required in the distal tissues for the establishment of the resis- 
tant state, it is not the systemic signal for SAR (Vernooij et al., 
1994). 

Previous studies have verified that Arabidopsis exhibits the 
characteristics of SAR, including development of SAR after 
a hypersensitive response (HR) to an avirulent pathogen 
(Dempsey et al., 1993; Uknes et a)., 1993; Cameron et ai., 1994; 
Mauch-Mani and Slusarenko, 1994), responsiveness to SA and 
INA induction (Uknes et al., 1992), and expression of PR genes 
(Uknes et al., 1992; Dempsey et al., 1993). Studies of SAR 
in Arabidopsis have led to the identification of one class of 
mutants in which lesions resembling an HR form spontane- 
ously, followed by induction of SAR; these include acd2 
(accelerated cell death; Greenberg et al., 1994), Isdl, Isd2, I$d3, 
Isd4 t and IsdS (lesions simulating disease; Dietrich et al., 1994). 
However, mutations affecting signal transduction downstream 
of the HR have no known morphological phenotype and are 
thus difficult to identify. To aid in the isolation of such mutants, 
we constructed a resistance-related reporter gene and used 
it to transform Arabidopsis; this reporter gene contains the 
promoter of the BGL2 gene (a PR gene encoding a (5-1,3- 
glucanase) fused with the coding region of the (^-glucuronidase 
(GUS) gene. We have previously reported the use of this 
reporter gene to isolate a mutant that is a nonexpresser of PR 
genes in the presence of SA or INA (npr1\ Cao et al., 1994). 

In this paper, we describe the isolation and characteriza- 
tion of an Arabidopsis mutant that does not spontaneously form 
HR-like lesions and yet constitutively expresses the BGL2-GUS 
reporter gene. Because other, endogenous PR genes are also 
constitutively expressed in this mutant, we have named it cpr1 
(constitutive expresser of EB genes 1). Significantly, cpr1 plants 
are resistant to both the f ungat pathogen Paronospora parasitica 
NOC02 and the bacterial pathogen Pseudomonas syringae 
pv maculicola ES4326 (Davis et al., 1991; Dong et al., 1991), 
which further indicates that we have identified a mutation 
leading to constitutive activation of SAR. 



RESULTS 

Identification of the cprl Mutant Using the BGL2-GUS 
Reporter Gene 

At the time we began our studies, there were no morphologi- 
cal phenotypes reported to be associated with mutants in SAR 



signaling. To circumvent this problem, we transformed Ara- 
bidopsis with a reporter gene responsive to resistance-inducing 
signals. This reporter gene contained the promoter of BGL2 
and the GUS coding region. Our screening rationale was that 
the reporter should reflect the expression of the endogenous 
PR genes and that in searching for mutants with aberrant ex- 
pression of the reporter gene, we would identify mutations 
affecting the regulation of SAR. 

There are three 0-1,3-glucanase genes in Arabidopsis, BGL1, 
BGL2, and BGL3, which are in tandem array on a 12-kb seg- 
ment of chromosomal DNA (Dong et al., 1991). A 2025-bp 
Xbal-Sphl fragment spanning the entire region between BGL1 
and the start codon of BGL2 was fused to the coding sequence 
of the GUS gene; an EcoRI-Sall fragment containing this chi- 
meric gene was then placed in the transformation vector pBI101 
with a selectable marker for kanamycin resistance, as shown 
in Figure 1. The construct was delivered into Arabidopsis 
through root transformation (Valvekens et al. , 1988). The result- 
ing transformants were tested for kanamycin resistance, and 
the insertion of BGL2-GUS into the Arabidopsis genome was 
confirmed by DNA gel blot analysis (data not shown). 

In the pilot experiment for the mutant screen, 15-day-old 
wild-type BGL2-GUS seedlings were tested for GUS activity 
using a microtiter plate assay that scored for the conversion 
of the GUS substrate 4-methylumbelliferyl (3-D-glucuronide 
(MUG) to the fluorescent product 4-methylumbelliferone (4-MU; 
Jefferson, 1987). As shown in Figure 2, seedlings that had been 
grown on agar plates with Murashige and Skoog (MS) medium 
(Murashige and Skoog, 1962) showed little GUS activity with- 
out inducers, whereas seedlings of the same age grown on 
MS medium supplemented with either 0.5 mM SA or 0.1 mM 
INA expressed significant amounts of GUS activity. For this 
assay, leaves were placed into microtiter plate wells contain- 
ing the substrate solution for GUS; we found that the amount 
of tissue used had little effect on the outcome of the assay 
and that tissue processing was not necessary. 

Mutagenesis was performed in the BGL2-GUS transgenic 
line by exposing seed (~36,000 total) to ethyl methanesulfonate. 
The mutagenized seeds were sown onto 12 separate flats and 
allowed to grow, self-fertilize, and set seed. Using the microti- 
ter plate GUS assay procedure, M 2 plants were tested for 
constitutive expression of GUS. Of 13383 plants screened, 262 
GUS expressers were identified, transplanted to soil, and al- 
lowed to set seed. GUS activity was assayed again in progeny 
of 147 of these putative mutants to determine whether the 
phenotype was heritable, and 28 lines again showed GUS ac- 
tivity. To begin characterization of these mutants, the first line 
that was found to be homozygous for GUS expression was cho- 
sen for further analysis. We named this mutant cpr1 (Figure 2). 



PR Genes Are Constitutively Expressed in cpr1 Plants 

A quantitative assay for GUS activity was performed to com- 
pare the expression of the reporter gene in the cpr1 plants 
(cprtlcprl) with that of the wild-type BGL2-GUS transgenic 
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Figure 1. 8GL2-GUS Reporter Gene Construct. 

in (a) are sequences at the translation initiation site of the BGL2-GUS reporter gene, a chimera of Sphl and Ncol sites; in (b) are sequences 
at the translation initiation site of BGL2 after a T-to-C transition at the position -1 to the ATG codon, an Sphl site; in (c) are sequences at the 
translation initiation site ot BGL2, NOS, nopaline symhase gene; NPTM, neomycin phosphotransferase; Kan R, kanamycin resistance; Pro, pro- 
moter; Ter, transcription termination sequence. 



line {CPR1ICPR1 ). As shown in Figure 3, the GUS activity ob- 
served in the uninduced cprl plants was similar to the level 
observed in SA- or IN Adduced wild-type plants, whereas the 
level of GUS activity in the uninduced wild-type plants was 
negligible. Although the addition of SA or INA to cpn plants 
could further induce GUS activity, the induction was less than 
twofold. In contrast, the increase in GUS activity observed in 
the wild-type plants treated with 0.5 mM SA or 0.1 mM INA was 
67- and 307-fold, respectively. 

Histochemicai staining was performed to investigate the pat- 
tern of constitutive reporter gene expression in cpn plants and 
to compare it with that observed in the SA-induced wild type, 
A consistent pattern was observed in the aseptically grown 
cprl plants. As shown in Figure 4A, in untreated wild-type seed- 
lings, no GUS activity was observed (the sample on the left), 
whereas staining was detected in the shoots but not in the roots 
of untreated cprl seedlings (the sample on the right). More 



specifically, the stain in cpn plants was present at the tips of 
young leaves and throughout mature leaves and was concen- 
trated in the veins of old leaves. A similar pattern was observed 
in the SA-treated wild-type leaves (Figure 4B). Stained tissues 
were then embedded and sectioned to examine the distribu- 
tion of GUS activity further. As Figures 4C and 4E indicate, 
in cprl plants, the reporter gene was expressed mainly in 
mesophyll cells and vascular tissues, including phloem and 
young xylem. Strong staining was not found in the epidermis 
except in stomatal guard cells. This tissue-specific distribu- 
tion of staining in cpn seedlings was similar to that of the wild 
type induced by the exogenous application of SA (Figures 4D 
and 4F). 
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Figure 2. Fluorometric Assay of GUS Activity on a Mic rot iter Plate 
as Used for the Mutant Screen. 

The plate was illuminated with long-wavelength UV light, which allows 
detection of the fluorescent product 4-MU formed by hydrolysis of MUG 
by the GUS enzyme. BLANK indicates that no plant tissue was added. 
BGL2-GU& BGL2-GUS/INA, and 8GL2-GUS/SA designate wild-type 
transgenic BGL2-GUS plants grown on MS medium, MS medium with 
0.1 mM INA, and MS medium with 0.5 mM SA, respectively cprl indi- 
cates constitutive expresser of PR genes mutant 1 grown on MS 
medium; npn and npr1/INA designate nonexpresser of PR genes mu- 
tant 1 grown on MS medium and MS medium with 0.1 mM INA, 
respectively. 
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Figure 3. Quantitative Analysis of GUS Activity in Wild-Type and cpr 7 
Plants. 

Plant tissues assayed were from 15-day-old wild-type (WT) seedlings 
carrying the BGL2-GUS transgene and 15-day-old cprl seedlings. The 
values represent the average of three replicates ± se. GUS activity 
is given as absolute fluorescence units per minute per microgram of 
protein. C (control) indicates seedlings grown on MS medium; INA, 
seedlings grown on MS medium with Q1 mM INA; SA, seedlings grown 
on MS medium with 0.5 mM SA. 
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Figure 4, Pattern of GU$ Expression in cpr1 Plants Compared with SA-lnduced Witd-Type Arabidopsts Plants Containing BGL2-GUS. 

(A) Histochemical staining of GUS activity in a 15-day-old cpr1 seedling grown asepticaliy in MS agar medium (right) and in a wild-type seedling 
carrying the 8GL2-GUS transgene grown under the same conditions (left). 

(B) An SA-induced BGL2-GUS wild-type seedling. 

(C) A cross-section of a stained cpn ieat. 

(D) A longitudinal section of a stained, SA-induced 8GL2-GUS wild-type leaf. 

(E) A longitudinal section of a stained cpr1 leaf. 

(F) A longitudinal section of a stained, SA-induced 8GL2-GUS wild-type leaf. 

E, epidermis; G, guard cell; M, mesophyli; R phloem; V. vascular bundle; X, xylern. 
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To examine the expression of SAR-responsive PR genes, 
RNA gel blot analyses were performed in both 2-week-old cprl 
seedlings grown axenically on MS agar medium and 4-week- 
old mature cprl plants grown on soil. The level of PR mRNA 
detected in each sample was normalized to that of a consecu- 
tively expressed 0-ATPase gene and then compared with levels 
in wild-type plants grown under the same conditions. As shown 
in Figure 5, levels of the endogenous BGL2, PR-1, and PR-5 
transcripts were low in wild-type plants, whereas expression 
of these genes was induced in the presence of 0.1 mM INA. 
In contrast, the basal level of BGL2 i PR-1, and PR-5 gene ex- 
pression was3.2- t 11 7-, and 1.3-fold higher, respectively, in the 
cprl seedlings and 4.8-, 12.1-, and 2.6-foid higher in the ma- 
ture cpn plants compared with the corresponding wild type. 
Although the amount of PR-5 transcript detected in cprl seed- 
lings was not much more than that in the untreated wild-type 
seedlings, the induction of PR-5 gene expression produced 
by INA treatment of the wild-type seedlings was also only 1 .3- 
fold, The presence of 0.1 mM INA in the growth media also 
led to a further 4.0-fold increase of PR-1 expression in cprl 
seedlings. 



Genetic Analyses Indicate That the cprl Mutation Is 
Recessive and the cprl Phenotype is Suppressed by 
Salicylate Hydroxylase 

For genetic analyses, the progeny were assayed for reporter 
gene expression using both the fluorometric GUS assay in 
microtiter plates to obtain the ratio of segregation and histo- 
chemical staining for GUS activity to verify the accuracy of the 
fluorometric assay. Plants scored as cprl by the microtiter plate 
assay were stained and shown always to have the same pat- 
tern of staining as the parental cpn plants. Likewise, plants 
scored as wild type by the microtiter plate assay showed no 
GUS staining. 

To examine the genetic segregation of cprl, a backcross was 
performed between cprKcprl plants and wild-type CPRVCPR1 
plants containing the 8GL2-GUS transgene. In the gener- 
ation, constitutive expression of GUS was absent in all 60 
seedlings tested, whereas in the F 2 population, expression 
was present in 28 of 129 seedlings. The F 2 segregation ratio 
of the cprl phenotype was 1 :3.6, and the chl-square calculated 
for goodness of fit to a single recessive nuclear mutation was 
0.744 (P > 0,1). 

In addition to constitutive PR gene expression, morpholog- 
ical characteristics were also noted in cprl plants. Compared 
with the wild type, cprl plants growing on soil were found to 
have small, narrow, dark green leaves densely covered with 
trichomes on the adaxial surface and relatively long siliques. 
Segregation of these visible phenotypes was also studied in 
the backcross. After scoring for GUS activity, F 2 progeny with 
high GUS activity (cprllcprl ) and progeny with no GUS activ- 
ity {CPRUcprl and CPR1ICPR1 ) were transplanted to soil, and 
the morphological phenotypes were examined later. Ail plants 
with GUS activity also exhibited the visible phenotypes, 
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Figure 5. RNA Gel Blot Analysis of BGL2, PR-1, and PR-5 in Wild* 
Type and cpn Plants. 

RNA samples were extracted from 2-week-ofd seed/ings grown on MS 
medium and MS medium with 0.1 mM INA and from 4^week-old plants 
grown on soil. Endogenous BGL2, PR-1, PR-5, and p-ATPase gene-spe- 
cific probes were used. WT, wild-type 8GL2-GUS transgenic line; (») 
plants grown in the absence and (-f ) in the presence of INA. 

whereas all the F 2 progeny without GUS activity looked like 
the wild type. Therefore, the mutation resulting in the stunted 
phenotype either is the same mutation that causes the consti- 
tutive SAR phenotype or is tightly linked to it. 

Further genetic analysis was performed to determine 
whether the CPR1 gene product acts upstream or downstream 
of SA in the signal transduction pathway leading to PR gene 
expression. We constructed an Arabidopsis transgenic line car- 
rying a bacterial salicylate hydroxylase gene (nahG] Yen and 
Gunsalus, 1982; Schell, 1986; You et al., 1991) controlled by 
the constitutive cauliflower mosaic virus 35S promoter (see 
Methods) using a strategy similar to that developed by Gaffney 
et al. (1993). The expression of the nahG gene was confirmed 
by RNA gel blot analysis, and the salicylate hydroxylase activ- 
ity in the transgenic plants was shown by the accumulation 
of a brown oxidation product of salicylate in the roots of the 
transgenic plants when the growth medium was supplemented 
with 0.5 mM SA. Crosses were made between homozygous 
cprl plants and a homozygous transgenic line expressing 
nahG. None of the F, progeny constitutivety expressed the 
GUS reporter gene; this was expected because cprl is a reces- 
sive mutation. To examine whether one copy of the nahG gene 
could produce sufficient levels of salicylate hydroxylase to in- 
activate SA induction of the reporter gene, F 1 heterozygous 
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nahG plants were grown in media supplemented with 0.5 mM 
SA. No reporter gene expression was detected in these plants, 
indicating that a single copy of the nahG gene is sufficient to 
suppress SA induction. Using this information, two expected 
ratios of GUS expressers to nonexpressers were calculated 
for the F 2 generation. Due to the involvement of three differ- 
ent loci and selection for kanamycin resistance in our assay, 
the derivation of these ratios is somewhat complex. The de- 
tails of the calculation are described in Methods. A ratio of 1:4 
would be expected if the cprt phenotype is unaffected by salicy- 
late hydroxylase, meaning CPR1 acts downstream of SA, 
whereas a ratio of 1:19 would be expected if salicylate hydrox- 
ylase interferes with the cprt phenotype, indicating that CPR1 
functions upstream of SA. In the population of F 2 plants, 28 
of 506 plants were positive for GUS activity. This ratio (1:17) 
argues that salicylate hydroxylase suppresses the cprt pheno- 
type (x 2 = 0.303; P > 0.5) and thus acts upstream of SA. 
Furthermore, the visible phenotypes associated with cpr1 
plants were mostly suppressed in the F 2 plants that were 
negative for GUS activity. This implies that these phenotypes 
are caused by the elevated SA level of cprt plants. 
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Figure 6. Endogenous Levels of SA and SAG in Wild-Type and cpr1 
Plants. 

Leaves from 4-week-old plants grown on soil were harvested and ana- 
lyzed by HPLC for free SA and SAG content. The values presented 
are the average of five replicates ± se. WT, wild-type BGL2-GUS trans- 
genic line. 



The Endogenous Level of SA Is Elevated in cprt Plants 

Because genetic analysis indicated that the CPR1 gene acts 
upstream of SA, measurements were made to determine 
whether the endogenous level of SA was affected in cprt plants. 
Intracellular SA is found predominantly as free SA or its sugar 
conjugate, SA (J-glucoside (SAG; Enyedi et al., 1992; Malamy 
et al., 1992). Leaf tissues from 4-week-old cprt and wild-type 
plants were examined for both free SA and SAG concentra- 
tions; the results are presented in Figure 6. In the absence 
of any inducer, the basal level of SA in cprt plants was 4.5-fold 
higher than that in wild-type plants, whereas the SAG level 
was 21-fold higher The differences in both SA and SAG levels 
between the wild-type and cprt plants were statistically sig- 
nificant (P < 0.001). 



cprt Plants Are Resistant to the Pathogens 

P. parasitica NOC02 and P. s. maculicola ES4326 

To determine whether the elevated levels of SA and PR gene 
expression in cprt plants lead to the constitutive activation of 
SAR, the growth of two normally virulent pathogens was ex- 
amined in cprt plants. To test for resistance to a fungal 
pathogen, 10-day-old plants were sprayed with a spore sus- 
pension of P. parasitica NOC02, which causes downy mildew 
in Arabidopsis. As shown in Figures 7A and 7B, this pathogen 
caused disease in the wild-type plants, as indicated by the ap- 
pearance of many conidiophores on leaves. In contrast, 
conidiophores were almost completely absent in cprt plants, 
as shown in Figures 7C and 7D. In a random sample of plants 
scored 7 days after inoculation, conidiophores were present 
in 34 of 53 wild-type leaves examined, whereas they were found 



in only four of 74 cprt leaves scored. To rule out the possibility 
that the resistance we observed was simply due to the pres- 
ence of a dense covering of trichomes on cprt leaves that 
prevented spores from reaching the leaf surface, we exam- 
ined cprt leaves at a x4 magnification and confirmed that our 
method of applying spores using a fine mist thoroughly wets 
both the adaxial and abaxial leaf surfaces. Furthermore, conid- 
iophores were generally absent even on the abaxial surface 
of cprt leaves, which are not covered with trichomes. In the 
wild type, conidiophores were found on both surfaces of the 
leaves. 

Further testing for resistance was performed by infecting 
4-week-old wild-type and cprt plants with a bacterial suspen- 
sion of P. s. macuficoia ES4326 (see Methods). Plants were 
examined visually for disease symptoms each day during the 
week following infection. As shown for plants photographed 
4 days after infection (Figure 7E), severe chlorosis was ob- 
served in the wild-type leaves 3 days or more after infection, 
whereas symptoms were nearly absent in cprt plants and in 
plants treated with INA 2 days prior to infection. The growth 
of P. s. maculicola ES4326 in the plants was also monitored 
by extracting bacteria from infected leaves at daily time points; 
the resulting growth curves are shown in Figure 8. The num- 
ber of R s. maculicola ES4326 detected in cprt plants was more 
than fourfold lower than that in the wild type after 1 day of 
growth and nearly sevenfold lower after 2 days. Although the 
differences between the means of the bacterial concentrations 
in cprt and wild-type plants were statistically significant at all 
time points taken after time zero, plants treated with INA had 
even less bacterial growth. Compared with untreated cprt 
plants, the INA-treated mutants had fourfold fewer bacteria af- 
ter 1 day of growth and sixfold fewer after 2 and 3 days. 
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Figure 7. Symptoms Observed in Wild-Type and cpn Pianis after Infection with P. parasitica NOC02 and R s. macuiicoia ES4326. 

The R parasitica NOC02 fungal conidiophore suspension used for infection contained 3 x 10* spores per milliliter; the P. s. macullcofa ES4326 
bacteria used for infection were suspended in 10 mM MgCl s , 0.01% surfactant at an OD$oo reading of 0.2> 
(A) and (B) Wild-type plants 7 days after inoculation with P. parasitica NOC02. 
(C) and (D) cpn plants 7 days after inoculation with P. parasitica NOC02. 

(E) Wild-type and cpn plants 4 days after being dipped into solutions with or without P. s, macuiicoia ES4326. 

C, conidiophore: T t thchome; WT, wild-type BGL2-GUS transgenic line; H20, plants dipped in 10 mM MgCi 2 , 0.01% surfactant without bacteria; 
Psm ES4326, plants dipped in the same solution containing 0.2 OD R s. macuiicoia ES4326; INA/Psm ES4326, plants sprayed with its) A 2 days 
before dipping in the solution containing bacteria. 
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Figure 8. Growth of R s. maculicola ES4326 in Wild-Type and cprl 
Plants. 

Plants were infected by dipping into a R s. maculicola ES4326 bac- 
terial suspension of 10 mM MgCk, 0.01% surfactant at an OD^ 
reading of 0.2. Samples were taken 0, 1, 2, and 3 days after infection. 
Error bars represent 95% confidence limits of log-transformed data 
(Sokal and Rohlf, 1981). Three samples were taken for each genotype 
at time zero, and thereafter seven samples were taken for each geno- 
type at each time point, cfu, colony-forming units; WT, wild-type 
BGL2-GUS transgenic line; WT INA, wild-type BGL2-GUS transgenic 
line pretreated with INA; cprl, cpn mutants; cpn INA, cprl mutants 
pretreated with INA. 

DISCUSSION 



To begin a systematic genetic analysis of the SAR signaling 
network, we transformed Arabidopsis with a reporter gene 
(BGL2-GUS) responsive to resistance inducers and screened 
for mutants with aberrant expression of this gene. The assay 
employed to screen for Arabidopsis mutants had to satisfy the 
following conditions: (1) the mutants had to be easily identifi- 
able; (2) the assay had to be easily performed; and (3) the 
mutants had to be rescued to set seed. The GUS assay we 
derived satisfied these conditions. The combination of the use 
of microtiter plates and the omission of tissue processing en- 
abled us to screen a large number of mutagenized seedlings 
and isolate a mutant, cpr7 ( that expressed the reporter gene 
without the application of exogenous inducers. Our strategy 
also allowed us to use the BGL2-GUS gene to study the lev- 
els and tissue-specific pattern of PR gene expression and to 
perform segregation analysis. 

The constitutive expression of BGL2-GUS in cprl plants is 
similar to that found in wild-type plants induced by the 
chemicals SA and INA. Fluorometric quantitation demonstrated 
that constitutive GUS activity in cprl plants was at least as 
high as that in wild-type plants treated with INA and even higher 
than that in the wild type treated with SA (Figure 3). Alsp, 



histochemical staining revealed an expression pattern of the 
BGL2-GUS gene in cprl matching the pattern seen in the 
chemically induced wild type (Figure 4). This similarity indi- 
cates that the constitutive expression of GUS in cprl is probably 
due to a mutation in the same signaling pathway as the one 
involved in induction after the application of exogenous SA. 
These common patterns of BGL2-GUS expression also imply 
the presence of a tissue-specific factor(s) regulating PR gene 
expression. 

Besides studies using the reporter gene, RNA gel blot anal- 
ysis demonstrated that the endogenous PR genes BGL2 t PR-1 , 
and PR-5 were constitutively expressed in the cpn plants com- 
pared with the wild type (Figure 5). This demonstrates that the 
BGL2-GUS reporter gene reflects the expression of endoge- 
nous PR genes and that cprl contains a frans-acting mutation 
affecting transcription of these SAR-responsive genes. The 
presence of other factors that affect the regulation of each spe- 
cific PR gene, along with such a general regulation modified 
by the cpn mutation, cannot be ruled out. This is reflected 
in the RNA gel blot analysis in which differences in the levels 
of expression of individual PR genes were observed in plants 
of different ages. Such modifications in patterns of expression 
may reflect the specific role of each PR protein in SAR. 

Because SA appears to be an endogenous signal molecule 
required for the induction of PR genes (Gaffney et al., 1993), 
the constitutive expression of PR genes in cprl plants could 
result from an elevated level of endogenous SA or from the 
activation of a downstream regulatory factor that transduces 
the SA signal. The higher level of SA and its glucoside in cprl 
plants suggests that the constitutive PR gene expression is 
a consequence of an elevated level of SA (Figure 6). This con* 
elusion is further supported by epi stasis studies In which 
expression of the nahG transgene for salicylate hydroxylase, 
which inactivates SA, suppressed reporter gene expression 
in cprl plants. Whether the elevated endogenous level of SA 
in cpn plants is as high as that induced systemically after an 
HR or as that supplied by exogenous application of SA is not 
known. Future experiments comparing the SA level in cprl 
plants with that induced by treatment with avirulent pathogens 
will address this issue. 

Although the molecular characteristics of an SAR response 
include an increase in the endogenous SA level and the in- 
duction of PR genes, the direct physiological evidence of SAR 
is resistance to a wide range of pathogens, cprl plants that 
had not been treated with any resistance inducers were chal- 
lenged with the fungal pathogen R parasitica NOC02 and the 
bacterial pathogen R s. maculicola ES4326 and shown to be 
resistant to both (Figures 7 and 8). Because cprl plants have 
an elevated level of endogenous SA, constitutively expressed 
PR genes, and enhanced resistance to very different patho- 
gens, we concluded that cprl is a mutation affecting the SAR 
signal transduction pathway. 

The induction of SAR by the cprl mutation is incomplete. 
This conclusion is supported by the higher GUS activity de- 
tected in the cprl plants treated with either INA or SA (Figure 
3), the further induction of the PR-1 gene in INA-treated cprl 
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seedlings (Figure 5), and the more pronounced reduction of 
R s. maculicoia ES4326 growth in INA-treated cprl plants (Fig- 
ure 8). This leads us to speculate that the endogenous level 
of SA in cprl may not be as high as the physiological level 
normally seen during SAR. 

From the phenotype conferred by cprl, we can begin to spec- 
ulate on the function of the wild-type CPR1 gene. CPR1 could 
be a positively acting factor in the SAR signaling pathway, such 
as an enzyme involved in the synthesis of SA when activated. 
In the cprl mutant, a positive factor could be constitutively ac- 
tivated and therefore lead to constitutive expression of SAR. 
Mutations leading to a constitutive positive signal would most 
likely be dominant. In contrast, CPR1 could be a negative regu- 
lator in the SAR signaling pathway; it could act as a repressor 
of either the synthesis or the activity of enzymes involved in 
SA production. When this repression is inactivated, SAR would 
be induced. Such a negative factor could be permanently in- 
activated in the cprl plants, resulting in constitutive SAR. The 
presence of a wild-type copy of such a gene should override 
the effect of the mutant copy in heterozygous CPRVcprl plants; 
therefore, a mutation in a negative factor would most likely be 
recessive. Indeed, genetic analysis of progeny from a cprllcprl 
x CPRVCPR1 backcross demonstrated that cprl is a reces- 
sive mutation. Thus, we propose that the CPR1 gene functions 
as a negative regulator acting upstream of SA in the SAR sig- 
naling pathway. 

SAR is a complex physiological response that can be in- 
duced by an HR to a range of viruses, fungi, and bacteria, and 
it results in enhanced resistance to an even greater number 
of microbial pathogens. However, the complex network involved 
in the perception of different pathogens appears to lead to a 
similar set of responses in the establishment of SAR; thus, 
a common signaling pathway(s) must exist. Endogenous 
production of SA appears to be part of such a common path- 
way (Gaffney et al., 1993). However, several studies suggest 
that SA is not the systemic signal that is produced at the pri- 
mary site of infection and translocated throughout the plant 
to induce SAR (Rasmussen et al., 1991; Vernooij et al., 1994). 
Rather, SA appears to be required in the distal tissue for re- 
sponse to the unidentified systemic signal. At the end of the 
signaling pathway, a large number of SAR-related genes, in- 
cluding the PR genes, are induced. This physiological pathway 
can be overlaid with a genetic pathway, as shown in Figure 
9. The previously identified mutations acd2 t Isd1, Isd2, Isd3 t 
Isd4, and /so*5, which lead to the spontaneous formation of HR- 
like lesions accompanied by the induction of SAR, all affect 
events prior to the establishment of the HR (Dietrich et al., 1994; 
Green berg et al., 1994). Such spontaneous necrotic lesions 
have not been observed in cprl plants; thus, the site of action 
for CPR1 seems to be downstream of these HR-regulating 
genes. However, complementation tests between cprl and 
acd2 or Isd mutants must be performed to rule out definitively 
the possibility that cprl is an allele of the known ACD2 or LSD 
genes that has constitutive SAR in the absence of visible le- 
sions. Furthermore, our studies argue that CPR1 is a negative 
regulator acting prior to SA production. Finally, the pathway 
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Figure 9. Proposed Placement of Mutants in the SAR Signaling 
Pathway. 

The proposed signal transduction pathway is outlined by solid and 
dotted lines and arrows. The cprl mutation is placed upstream of SA 
synthesis, either before or after production of the systemic signal(s). 



transducing the SA signal has been marked by another 
Arabidopsis mutant, designated npri, which is nonresponsive 
to SA and INA (Cao et al., 1994; Figure 2). 

It is interesting that all mutations found thus far that lead 
to expression of SAR appear to have a detrimental effect on 
the plants, either by the formation of spontaneous lesions, in 
the case of acd2 and Isd mutations, or by the appearance of 
a "stunted" phenotype with cprt These detrimental effects may 
explain why SAR is not normally constitutive. The negative ef- 
fects may offset the advantage of enhanced resistance to 
pathogens afforded by constitutive SAR. 

In summary, we have developed a useful strategy to iden- 
tify and characterize SAR-related mutants, such as cprt With 
these mutants, we can begin genetic analyses to dissect the 
signaling pathway of SAR. Cloning and further characteriza- 
tion of the regulatory genes associated with these mutants will 
help to elucidate the molecular basis of SAR. 

METHODS 



Plant Growth Conditions 

Arabidopsis thaliana ecotypes Columbia (Col-0) and Landsberg erecta 
were grown either in pots on Metro-Mix 200 soil (Grace-Sierra, Malpltas, 
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CA) or on plates with Murashige and Skoog (MS) media (Murashige 
and Skoog, 1962) containing 2% sucrose and 03% agar. Unless other- 
wise specified, those plants grown on soil were kept in a growth room 
at high humidity with a 14-hr photoperiod under fluorescent lamps; 
those grown on MS plates were kept in a growth chamber at 22°C and 
70% humidity with a 14-hr photoperiod at a light intensity of 100 uE 
nrr 2 see"', All seeds were vernalized at 4°C for 2 days before place- 
ment in a growth environment. 



Construction of the Transgenic Line Containing the Reporter 
Gene 

A 2185-bp Xbal-Bglll fragment containing the 5' region of the p-1,3- 
glucanase (BGL2) gene was cloned into the bacterial phage vector 
M13mp19. To generate an in-frame fusion, an oligonucleotide with the 
sequence 5'-CCCGTAGCATGCTCCGATTTG-3' was used to create an 
Sphl restriction site at the initiation codon of BGL2 by making a T-to-C 
transition In the position -1 to the ATG codon (Figure .1). The Xbal- 
Sphl fragment was then cloned into the vector pUC19GUS(Ncol) 
using Xbal-Ncol sites (Dewdney, 1993). The Ncol site in the vector 
pUC19GUS(Ncol) was at the ATG translation initiation codon of the 
^-glucuronidase (GUS) gene. The Sphl-to-Ncol ligation was accom- 
plished by removing the Sphl 3' overhang in the Xbal-Sphl fragment 
by T4 polymerase and filling in the Ncol 5' overhang of pUC19GUS 
by using the Klenow fragment of DNA polymerase I (Ausubel et al., 
1994). The correct in-frame fusion of the GUS coding sequence to the 
BGL2 transcription and translation control elements was verified by 
sequencing. The EcoRI-Sall fragment that contained the BGL2-GUS 
chimeric gene was transferred into the transformation vector pBI101, 
and the resulting plasmid was used to transform Arabidopsis ecotype 
Columbia (VaJvekens et al., 1988). Transformants were identified by 
growth in MS medium containing 50 ug/mL kanamycin and by DNA 
gel blot analysis of the genomic DNA isolated from each transformant 
(Ausubel et al., 1994). 



Mutant Isolation 

An Arabidopsis transgenic line carrying the reporter gene BGL2-GUS 
was mutagen ized by soaking ~36,000 seeds homozygous for 
BGL2-GUS in 100 mL of 0.3% ethyl methanesulfonate for 11 hr with 
gentle shaking. Seeds were then washed with water 15 times, 
resuspended in 0.1% agar, and sown at about 2 per cm 2 of soil. 
Seventy-five percent of the mutagenized seeds germinated and were 
allowed to grow, self-fertilize, and set seed. The resulting M 2 seeds 
were collected in 12 independent pools and germinated on MS agar 
with 2% sucrose, 50 ug/mL kanamycin, and 100 ug/mL ampicillin. Fif- 
teen days after plating, seedlings were numbered and then a single 
leaf was removed from each and put into a corresponding microtiter 
plate jwell containing 100 *iL of GUS substrate solution (50 mM 
Na 2 HP0 4 , pH 7.0, 10 mM Na 2 EDTA, 0.1% Triton X-100, 0.1% sarkosyl, 
0.7 uL/mL p-mercaptoethanol, 0.7 mg/mL 4-methylumbelliferyl p-r> 
glucuronide [MUG]; Jefferson, 1987). Samples were infiltrated with sub- 
strate by placing the microtiter plates under vacuum, incubated at 37°C, 
and then examined for the fluorescent product of GUS activity 
' (4-methylumbelliferone [4-MU]) under a long-wavelength UV light after 
3, 6, 12, and 24 hr of incubation. Those M 2 seedlings constitutively 
expressing GUS activity were considered putative mutants and were 
transplanted to soil for seed setting. This procedure was repeated 
with the progeny of these putative mutants to ensure that the mutant 



phenotype was heritable and to identify the homozygous mutants. 
Controls included on each microtiter plate were wild-type BQL2-GUS 
plants grown on MS plates alone (for no GUS activity) and grown on 
MS plates supplemented with either 05 mM salicylic acid (SA) or 0.1 mM 
2,6-dichloroisonicotinic acid (IN A; obtained from Ciba-Geigy LTD, Basel, 
Switzerland) to induce GUS expression. 



Quantitative GUS Assay 

Fifteen-day-old wild-type and cpr1 seedlings grown on MS medium, 
MS medium with 05 mM SA, and MS medium with 0.1 mM INA were 
collected and frozen in liquid nitrogen; three replicates were taken for 
each genotype and treatment. The samples were homogenized in ex- 
traction buffer (50 mM Na 2 HP0 4( pH 70, 10 mM Na 2 EOTA, 0.1% Triton 
X-100, 0.1% sarkosyl, 0.7 jiL/mL p-mercaptoethanol; Jefferson, 1987) 
and centrifuged for 5 min at 14,000 rpm in a microcentrifuge at 4°C. 
Supernatant aliquots were taken for determination of protein concen- 
tration and enzyme activity. The protein concentration was determined 
using the Bio-Rad dye reagent, and GUS activity was determined using 
a solution containing 5 uL of extract, 495 \lL of extraction buffer, and 
500 \iL of 2 mM MUG in extraction buffer; the accumulation of the 
product (4-MU) was measured fluorornetrically using a spectrofluoro- 
photometer (RF5000U; Shimadzu Corporation, Kyoto, Japan). 



Histochemlcal Localization of GUS Activity 

GUS activity was localized histochemically using a staining solution 
containing 0.5 mg/mL 5-bromo-4-chloro-3-indolyl glucuronide (X-gluc; 
first dissolved in dimethyl formamide at 25 mg/mL) in 0.1 M Na 2 HP0 4 , 
pH 7.0, 10 mM Na 2 EDTA, 05 mM potassium ferricyanide/ferrocyanide, 
0.06% Triton X-100 (Jefferson et al., 1987). Samples were infiltrated 
with substrate under vacuum and incubated at 26°C for 24 to 48 hr. 
The staining buffer was then removed, and the samples were cleared 
by sequential changes of 30, 75, and 95% ethanol. Sectioning and 
embedding were performed on some samples, from which slides were 
prepared for microphotography. 



RNA Analysis 

Tissue samples were collected from 2-week-old seedlings grown on 
MS plates or MS plates containing 0.1 mM INA or from 4-week-old plants 
grown on soil. Samples were frozen in liquid nitrogen after col lection, 
and RNA was isolated from frozen samples by an 80°C phenol-chlo- 
roform extraction as previously described (Cao et al. f 1994). The RNA 
concentrations were determined by UV absorbance, and 5-ng sam- 
ples were separated by electrophoresis through formaldehyde-agarose 
gels and transferred to a hybridization membrane (GeneScreen; 
DuPont-New England Nuclear), as described by Ausubel et al. (1994). 
Ethidium bromide (40 ug/mL) was added to each sample to allow vi- 
sualization of RNA under UV light for confirmation of equal sample 
loading. ^P-labeled DNA probes for BGL2, pathogenesis-retated 
protein-1 (PR-1), PR-5, and |5-ATPase mRNAs were prepared as de- 
scribed by Cao et al. (1994). Hybridization and washing conditions were 
as previously described (Church and Gilbert, 1984; Cao et al., 1994). 
Relative radioactivity in each RNA band was determined using a Phos- 
phorlmager and ImageOuant analysis software (Molecular Dynamics, 
Sunnyvale, CA). 
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Construction of the TVansgenlc Line Expressing the Salicylate 
Hydroxylase Gene 

A 1.8-kb Hindlll-Hpal fragment containing the nahG gene encoding 
salicylate hydroxylase (Yen and Gunsalus, 1982; Schell, 1986; You et 
al., 1991) was purified from the plasmid pSR20 (M.A. Schell, unpub- 
lished data) and cloned into the pBluescript SK+ (Stratagene, La Jolla, 
CA) Hindlll and Smal sites. Single-stranded DNA was made from this 
pSKnahG clone using the helper phage R408. A 24-nucleotide oligo- 
nucleotide, 5'-ACGAGTACACCA7GGAAAACAATA-3', was used to direct 
the synthesis of the complementary strand that created a Ncol site 
at the ATG translation initiation codon of the nahG gene. The A-to-G 
transition in the +4 position of nahG also led to a lysine-to-glutamic 
acid change in the second amino acid of salicylate hydroxylase. The 
activity of the modified enzyme was tested by plating the bacteria con- 
taining this mutant clone on Luria-Bertani medium supplemented with 
0.1% SA. Bacteria that produced active salicylate hydroxylase formed 
brown colonies due to the oxidation of SA by the enzyme. A Ncol-BamHl 
fragment that contained the entire nahG coding sequence was gener- 
ated by a partial Ncol digestion at the ATG start codon of nahG and 
a complete Bam HI digestion in the pBluescript SK+ vector Bam HI 
site. This fragment was then ligated into Ncol and Bam HI sites of the 
vector pRTL2 (Restrepo et al., 1990), which generated an in-frame fu- 
sion of the nahG gene under the regulation of the following: the 
cauliflower mosaic virus 35S promoter with a duplicated enhancer; 
the 5' untranslated sequence of tobacco etch potyvirus, which enhances 
translation initiation (Carrington and Freed, 1990; Carrington et al., 
1990); and the 35S poly(A) signal. The fusion gene was moved into 
a Ti plasmid vector pBin19 (Bevan, 1984) through Hindlll digestion. 
This 35S-nanG fusion construct was then transformed into Arabidop- 
sis ecotype Landsberg erecfa (erier) using the transformation procedure 
previously described by Vatvekens et al. (1988). 



Genetic Analysis 

Crosses were performed by dissecting and emasculating unopened 
buds and then using the pistils as recipients for pollen from three to 
four opened flowers. Pollen from homozygous cprt plants was used 
to fertilize both the wild-type BGL2-GUS plants and the transgenic 
line expressing salicylate hydroxylase (nahGlnahG, erfer). The reciprocal 
crosses were also performed. Fi and F 2 plants were grown on MS 
plates and tested for GUS activity by the microtiter plate assay and 
histochemicat staining, as previously described. The absence of the 
recessive er phenotype in F, plants proved that the crosses with nahG 
plants were successful. GUS activity was scored for F 2 plants grown 
on MS plates supplemented with 50 vglml kanamycin. For the F 2 
generation of the BGL2-GUS backcross, three-fourths of the plants 
were expected to have GUS activity if cprt were dominant and one- 
fourth if cprt were recessive. For analysis of the F 2 generation of the 
cross with nahG, it was known that (1) the cprt mutation is recessive; 
(2) only one copy of the BGL2-GUS gene is required for positive de- 
tection of GUS; and (3) a single copy of the nahG gene produces a 
sufficient amount of salicylate hydroxylase to suppress the SA-induced 
BGL2-GUS expression. Thus, the predicted F 2 segregation ratios 
were calculated as follows: three-fourths of the plants should have at 
least one copy of the BGL2-GUS gene, and one-fourth should have 
two copies of the recessive cpr1 mutation; thus, three-sixteenths would 
be expected to express GUS activity constitutively if nahG has no ef- 
fect on cprt. However, plants were required to have at least one copy 



of the kanamycin resistance gene carried in either the BGL2-GUS or 
the nahG construct to survive the selection. Therefore, one-sixteenth 
of the plants died, and the expected fraction of GUS expressers in the 
F 2 progeny was modified to three-fifteenths (one-fifth), or a ratio of ex- 
pressers to nonexpressers of 1:4. The alternative hypothesis that nahG 
suppresses the expression of BGL2-GUS in cpriicpn plants would 
predict that among these potential GUS expressers, only the one-fourth 
of them lacking nahG should express GUS activity. This brings the 
predicted fraction of GUS expressers in the F 2 generation to one- 
twentieth (a ratio of 1:19) if the presence of a single nahG gene will 
suppress the cprt phenotype. Segregation in the F 2 generations was 
analyzed with chi-square tests for goodness of fit (Sokal and Rohtf, 1981). 



Determination of Endogenous Levels of SA and SA 
p-Glucoslde 

Leaf tissue was collected from 4-week-old wild-type and cprt plants 
grown on soil, weighed, and frozen in liquid nitrogen. For each sam- 
ple, ~1 g of the frozen tissue was extracted and quantitated for free 
SA and SA p-glucoside (SAG) essentially as described previously 
(Malamy et al., 1992; Hen nig et al., 1993). Briefly, the tissue was 
homogenized in 3 mL of 90% methanol. After centrifugation, the pel- 
let was reextracted with 100% methanol. The combined supernatants 
were dried in a speed vacuum with heat (~40°C). The residue was 
resuspended in 2.5 mL of 5% trichloroacetic acid and sonicated for 
10 min. The free SA was then separated from conjugated SA through 
organic extraction with 2 volumes of ethylacetate-cyclopentane-iso- 
propanol (50:50:1). The organic phase containing the free SA was then 
dried under nitrogen. The dried extract was suspended in 05 mL of 
0.01 N H 2 S0 4 , filtered, and analyzed by HPLC as previously described 
(Hennig et al., 1993). HPLC was performed on an ARH-602 aromatic 
acids column (0.95 x 10 cm; Interaction Chemical Inc., Mountain View, 
CA) run at 45°C in 0.01 N H 2 S0 4 with a flow rate of 0.6 mL/min. 

The amount of SA conjugate was quantitated as follows. After the 
two-phase separation previously described, the aqueous phase (which 
contains the conjugated SA) was acidified with HCl to pH 1 and boiled 
for 30 min to release SA from any acid-labile conjugated forms. The 
released free SA was then extracted with the organic mixture and ana* 
lyzed as previously described. To confirm that the SA released from 
conjugated SA by acid hydrolysis was derived mainly from SAG, we 
compared SA levels released after either acid hydrolysis or 
(*-glucosidase digestion. Greater than 80% of the acid-releasable SA 
from Arabidopsis extracts could also be recovered after p~glucosidase 
treatment. We were unable to use area integration to quantify very low 
levels of SA reliably (e.g., some of the wild-type samples) because 
Arabidopsis samples contained large amounts of a fluorescent com- 
pound that etuted off the column immediately preceding the SA peak. 
Despite changing HPLC columns (aromatic acid versus Zorbax phenyl 
and Zorbax ODS columns; BTR Separations, Wilmington, DE), flow 
rates, sample volume, and solvent conditions, we have been unable 
to remove or separate further this unknown contaminant from the SA 
peak. Therefore, free SA levels, which were often lower than the amounts 
of the fluorescent contaminant, were determined based on peak height 
using a standard curve constructed with known amounts of SA. Be- 
cause this contaminant was extracted into the first organic phase, it 
did not interfere with determination of the SAG levels, which were quan- 
titated by area integration of the HPLC peaks. 



1856 The Plant Cell 



Infection with Peronospora parasitica N0CO2 

Both wild-type and cpr1 plants grown on soil with a 12-hr photoperiod 
were infected with a contdial suspension of P. parasitica NOC02 (3 
x 10 4 spores per mL) by spraying and were then kept in a growth 
chamber at 80% or greater humidity and 18 to 19°C. Seven days after 
inoculation, plants were scored tor the presence of conidiophores using 
a magnifying glass (x4) and photographed. 

Infection with Pseudomonas syrlngae pv maculicola ES4326 

R s. macuiicola ES4326 was grown at 28°C on King's B agar plates 
or in King's B liquid medium (King et a!., 1954) supplemented with 
100 ng/mL streptomycin for selection. Bacteria were then collected 
by centrifugation and resuspended at ODeoo = 0.2 in a solution of 
10 mM MgCI 2 plus the surfactant Silwet L-77 (0.01%; Union Carbide, 
Danbury, CT). Both wild-type and cpr1 plants were grown on soil as 
previously described in 25-in square pots covered with fine mesh veil. 
Four-week-old plants were thoroughly wetted by dipping into the solu- 
tion described above with or without bacteria. Two days prior to dipping, 
some plants were sprayed with a 0.65 mM solution of IN A. Tissue sam- 
ples of about 100 mg were collected and weighed at' time points of 
0, 1 , 2, and 3 days after inoculation with bacteria; these samples each 
contained leaf tissue from 10 to 15 plants growing on one pot. The 
leaf tissue was homogenized to extract the bacteria as described by 
Cao et al. (1994). Dilutions were plated on King's B plates with strep- 
tomycin for determination of colony-forming units. Statistical analyses 
were performed by Student's t tests of the differences between two 
means of log-transformed data (Sokal and Rohlf, 1981). 
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INTRODUCTION 



Systemic acquired resistance (SAR) refers to a distinct signal 
transduction pathway that plays an important role in the abil- 
ity of plants to defend themselves against pathogens. After 
the formation of a necrotic lesion, either as a part of the hyper- 
sensitive response (HR) or as a symptom of disease, the SAR 
pathway is activated. SAR activation results in the develop- 
ment of a broad-spectrum, systemic resistance (Hunt and 
Ryals, 1996; Neuenschwander et al., 1996). Although SAR is 
interesting as a paradigm for signal transduction, it may have 
practical value as well. An understanding of the biochemical 
changes leading to the resistance state could enable the de- 
velopment of either genetically engineered plants with 
enhanced disease resistance or novel mode-of-action plant 
protection chemicals that act by stimulating the plant's inher- 
ent disease resistance mechanisms. 

SAR can be distinguished from other disease resistance re- 
sponses by both the spectrum of pathogen protection and the 
associated changes in gene expression. In tobacco, SAR ac- 
tivation results in a significant reduction of disease symptoms 
caused by the fungi Phytophthora parasitica, Cercospora nico- 
tianae, and Peronospora tabacina, the viruses tobacco mosaic 
virus (TMV) and tobacco necrosis virus (TNV), and the bacte- 
ria Pseudomonas syringae pv tabaci and Erwinia carotovora 
(Vernooij et al., 1995). However, the protection is not effective 
against all pathogens. For example, there is no significant pro- 
tection against either Botrytis cinerea or Atternarla attemata. 
Thus, SAR provides resistance against seven of nine tobacco 
pathogens, establishing a distinctive fingerprint of protection. 

Associated with SAR is the expression of a set of genes 
called SAR genes (Ward et al., 1991). However, not all defense- 
related genes are expressed during SAR, and the particular 
spectrum of gene expression therefore distinguishes the SAR 
response from other resistance responses in plants. Tobacco 
is perhaps the best characterized model for SAR, but other 
plants respond similarly. For example, in Arabidopsis, SAR is 
effective against R parasitica, R syringae pv tomato DC3000, 
and turnip crinkle virus, and the associated SAR genes are 
a subset of those expressed in tobacco (Uknes et at., 1992). 
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The SAR signal transduction pathway appears to function 
as a potentiator or modulator of other disease resistance mech- 
anisms. When SAR is activated, a normally compatible 
plant-pathogen interaction (i.e., one in which disease is the 
normal outcome) can be converted into an incompatible one 
(Uknes etal., 1992; Mauch-Mani and Slusarenko, 1996). Con- 
versely, when the SAR pathway is incapacitated, a normally 
incompatible interaction becomes compatible (Delaney et al., 
1994; Mauch-Mani and Slusarenko, 1996). The mechanism 
by which this modulation occurs is not understood; however, 
at least part of the resistance response could be due to ex- 
pression of the SAR genes. 

Several comprehensive literature reviews have been pub- 
lished recently (Chen et al., 1995; Hunt and Ryals, 1996; 
Neuenschwander et al., 1996; Shirasu et al., 1996), so in this 
article we review recent findings that relate to specific steps 
in the SAR signal transduction pathway. In particular, we ad- 
dress progress in the identification of biochemical markers for 
SAR, the role of salicylic acid (SA) in SAR, chemical activa- 
tors of SAR, and progress in establishing genetic systems to 
further elucidate steps in the SAR signaling cascade. 



MOLECULAR MARKERS FOR SAR 

SAR has been recognized as a plant response to pathogen 
infection for almost 100 years (see Chester, 1933). However, 
most of the early studies were mainly descriptive and lacked 
quantitative tools to analyze the response. Thus, considerable 
effort has been devoted to identifying and isolating biochemi- 
cal markers for SAR that could be used to distinguish it from 
other inducible plant resistance responses. A number of bio- 
chemical and physiological changes have been associated with 
pathogen infection. These include cell death and the oxida- 
tive burst (Low and Merida, 1996), deposition of callose and 
lignin (Vance et al., 1980; Kauss, 1987), and the synthesis of 
phytoalexins (Dixon, 1986) and novel proteins (Bol et al., 1990; 
Bowles, 1990; Linthorst, 1991; see also Dangl et al., 1996; 
Hammond-Kbsack and Jones, 1996, in this issue). Recently, 
however, marker genes termed SAR genes have been identified 
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whose induction is tightly correlated with the onset of SAR in 
uninfected tissue (Metraux et al. t 1989; Ward et al., 1991; Uknes 
et al., 1992), and these are described in more detail below. 

A protein is classified as a SAR protein when its presence 
or activity correlates tightly with maintenance of the resistance 
state (Neuenschwander et al., 1996). Analysis of SAR proteins 
showed that many belong to the class of pathogenesis-related 
(PR) proteins, which originally were identified as novel pro- 
teins accumulating after TMV infection of tobacco leaves 
(Giantnazzi et al., 1970; Van Loon and Van Kammen, 1970; 
Van Loon, 1985). In tobacco, the set of SAR markers consists 
of at least nine families comprising acidic forms of PR-1 (PR- 
la, PR-1b, and PR-1c), (M,3-glucanase (PR-2a, PR-2b, and 
PR-2c), class II chitinase (PR-3a and PR-3b, also called PR- 
Q), hevein-like protein (PR-4a and PR-4b), thaumatin-like pro- 
tein (PR-5a and PR-5b), acidic and basic isoforms of class III 
chitinase, an extracellular 0-1,3-glucanase (PR-Q'), and the ba- 
sic isoform of PR-1 (Ward et al., 1991). A basic protein family 
called SAR 8.2 that is induced during the onset of SAR but 
which shows a pattern of gene expression distinct from that 
of the other SAR genes has also been described (Ward et al., 
1991; Alexander et al., 1992). In Arabidopsis, the SAR marker 
genes are PR-1, PR-2, and PR-5 (Uknes et al., 1992). The genes 
encoding these SAR marker proteins have been cloned and 
characterized and have been used extensively to evaluate the 
onset of SAR (Ward et al., 1991; Uknes et al., 1992). 

Both the expression of marker genes for SAR and the acti- 
vation of SAR can be triggered by a number of viral, bacterial, 
and fungal pathogens in a variety of dicotyledonous plants 
(Neuenschwander et al., 1996); however, the identity and rel- 
ative expression levels of SAR genes vary between different 
plant species. For example, in cucumber, acidic PR-1 is weakly 
expressed (Ryais et al., 1992), whereas in tobacco and Arabidop- 
sis, acidic PR-1 is the predominant SAR-related protein. Such 
species-specific differences may reflect different evolutionary 
or breeding constraints that have selected for the most effec- 
tive SAR response against the particular suite of pathogens 
to which an individual species is subject (Kessmann et al., 
1994). 

A number of genes homologous with SAR genes from dicots 
have been identified in monocot species. Homologs of the PR-1 
family have been characterized in maize and barley, and ad- 
ditional PR proteins have been identified in maize (Nassuth 
and Sanger, 1986; White et al., 1987; Nasser et al., 1988). How- 
ever, it has not been determined whether the induction of these 
genes correlates with the onset of SAR in these species. Re- 
cently, markers for chemically activated SAR (see below) have 
been described in wheat (Gorlach et al., 1996). These wheat 
chemically induced (WCI) genes encode a novel lipoxygenase, 
a cysteine proteinase, and three other proteins whose func- 
tions are unknown. The WCI genes are coordinated expressed 
in response to chemical activators of resistance, and the ex- 
pression pattern of these genes is similar to those of chemically 
induced SAR genes in dicot species. However, because a bi- 
ological model for SAR does not yet exist in wheat, it cannot 
be confirmed that the WCI genes are bona fide SAR genes 
(Gorlach et al., 1996). 



Because the SAR genes are strongly expressed when re- 
sistance is maintained, the encoded proteins could contribute 
to resistance. In support of this idea, in vitro antimicrobial ac- 
tivity has been described for tobacco PR-1a (Sandoz, 1991), 
chitinases (PR-3; Schlumbaum et al., 1986), (M f 3-<jlucanases 
(PR-2), PR-4 (Ponstein et al., 1994), and osmotin (PR-5; 
Woioshuk et al., 1991). Furthermore, synergistic activity has 
been found for chitinases and 0-1 f 3-glucanases (Mauch et al., 
1988). In vivo studies involving overexpression of PR-1a in 
tobacco have demonstrated a significant increase in resistance 
to infection by the two Oomycete pathogens, R tabacina^arxi 
R parasitica var nicotianae (Alexander et al., 1993b). In other 
experiments, resistance to R parasitica was enhanced in 
tobacco overexpressing SAR B.2 (Alexander et al., 1993a), and 
overexpression of tobacco osmotin partially inhibited growth 
of R infestans in potato but not in tobacco (Liu et al., 1994). 
Also, synergistic activity of chitinases and p-1,3-glucanases 
has been demonstrated in transgenic plants (Zhu et al., 1994; 
Jach et al., 1995). This evidence suggests that the proteins 
encoded by the SAR genes are causally associated with dis- 
ease resistance. 



ACCUMULATION OF SA IS REQUIRED FOR 
SAR SIGNAL TRANSDUCTION 

A large body of evidence suggests that SA plays a key role 
in both SAR signaling and disease resistance. Initially, the level 
of SA was found to increase by several hundred-fold in tobacco 
or cucumber after pathogen infection, and this increase was 
shown to correlate with SAR (Malamy et aL, 1990; Metraux 
et al., 1990; Rasmussen et al., 1991). Since these reports, a 
considerable amount of data has established a correlation be- 
tween the concentration of SA and the establishment of 
enhanced disease resistance not only in tobacco and cucum- 
ber but in other plants as well (Malamy et al., 1990; Metraux 
et al., 1990; Rasmussen et al., 1991; Dempsey et al., 1993; 
Uknes et al., 1993; Yalpani et al., 1993b; Cameron et al., 1994). 
These data, coupled with the finding that exogenous SA can 
induce SAR (White, 1979; Ward et al., 1991; Vernooij et al., 1995) 
and SAR gene expression (Ward et al., 1991; Uknes et al., 
1992), led to the suggestion that SA was involved in SAR 
signaling. 

Compelling evidence supporting this idea comes from the 
analysis of transgenic plants expressing the bacterial nahG 
gene encoding salicylate hydroxylase, an enzyme that cata- 
lyzes the conversion of SA to catechol. These plants are not 
only unable to accumulate free SA, but they are incapable of 
mounting a SAR response to viral, fungal, or bacterial patho- 
gens (Gaffneyet al., 1993; Biet al., 1995; Friedrichetal., 1995; 
Lawton et al . , 1995) , indicating that SA accumulation is required 
for SAR induction. 

Interestingly, in Arabidopsis, depletion of SA causes a break- 
down of both SAR and gene-for-gene resistance. Inoculation 
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of nanG-transformed (NahG) Arabidopsis with incompatible 
races of R parasitica or with strains of P. syringae DC3000 car- 
rying an avirulence gene led to the development of severe 
disease symptoms, which is in contrast to the absence of patho- 
gen growth on isogenic wild-type plants (Delaney et al., 1994). 
Recently, Mauch-Mani and Slusarenko (1996) used 2-amino- 
indan-2-phosphonic acid (AIP), an inhibitor of phenylalanine 
ammonia-lyase (PAL) activity, to block general phenylpropa- 
noid metabolism, which is thought to include the biosynthetic 
pathway of SA. Pretreatment of Arabidopsis ecotype Col-0 with 
AIP converts the interaction with R parasitica isolate EMWA 
from incompatible to compatible. Interestingly, the AIP effect 
is suppressed by the exogenous application of SA (Mauch- 
Mani and Slusarenko, 1996). These inhibitor experiments in- 
dicate that an important function of PAL activity in plant disease 
resistance is to provide precursors for the production of SA. 
Both the phenotype of NahG plants and the AIP experiments 
suggest that SA is a signal in resistance (R) gene-mediated 
resistance responses and that the ability of the plant to rap- 
idly produce high levels of SA modulates disease resistance. 



IS SA THE TRANSLOCATED SIGNAL? 

Pathogen infection results in significant amounts of SA in the 
phloem sap of both cucumber and tobacco (Metraux et al., 
1990; Yalpani et al., 1991). Additionally, in vivo SA-labeling 
studies provide evidence that SA produced in the leaves of 
TMV-infected tobacco or TNV-infected cucumber is transported 
throughout the plant and accumulates in uninfected tissues 
(Shulaev et at., 1995; Molders et al., 1996). In fact, as much 
as 70% (tobacco) and 50% (cucumber) of the increase in SA 
in uninfected tissue of pathogen-inoculated plants results from 
SA translocation from infected leaves to uninfected leaves. 

These data support the contention that SA may be the sig- 
nal that translocates from an infection site to activate SAR 
elsewhere in the plant. However, two lines of evidence sug- 
gest that SA is not the long distance signal. First, in cucumber, 
primary leaves infected with R syringae can be removed 6 hr 
after inoculation, which is before SA accumulates in the 
phloem, without affecting the systemic increase of SA or SAR 
gene expression (Rasmussen et al., 1991). Second, in grafted 
tobacco plants, TMV inoculation of NahG rootstocks resulted 
in very little SA accumulation in infected tissue, compared with 
a 185-fold increase for wild-type (Xanthi) plants. However, trans- 
mission of the systemic signal out of the NahG rootstocks 
appeared to be unaffected because the grafted wild-type scions 
had elevated levels of both SAR gene expression and induced 
resistance equivalent to those seen in ungrafted wild-type 
plants (Vernooij et al. t 1994). 

These results suggest that either SA is not the long distance 
signal or very small amounts of SA in infected leaves are suf- 
ficient for full SAR induction. We have recently found that 
maximal induction of SAR occurs only at high concentrations 



of SA in the infected leaf (M.G. Willits and J.A. Ryals, unpub- 
lished data). Also, Beffa et al. (1995) have found that transgenic 
tobacco plants producing cholera toxin form spontaneous le- 
sions, accumulate high levels of SA, and display enhanced 
disease resistance. In grafting experiments in which these 
plants are used as rootstocks, the wild-type scions are not in- 
duced for SAR, again providing evidence that SA is not the 
translocated signal. 

Even though SA is not likely to be the translocated signal 
that triggers SAR in distal plant organs, it is essential for SAR 
signal transduction. Inoculation of wild-type rootstocks with 
TMV leads to the induction of SAR in wild-type scions but not 
in NahG scions, demonstrating that the induction of SAR in 
systemic tissues is SA dependent (Vernooij et al., 1994). These 
findings indicate that SA is an essential signal in SAR and that 
it is required downstream of the long distance signal. 



BIOSYNTHESIS OF SA 



Given the importance of SA in disease resistance, the path- 
way of SA biosynthesis may represent a major control point 
in plant defense responses. The biosynthetic pathway of SA 
appears to begin with the conversion of phenylalanine to trans- 
cinnamic acid (f-CA) catalyzed by PAL, as shown in Figure 1. 
The conversion of f-CA into SA has been proposed to proceed 
via chain shortening to produce benzoic acid (BA), followed 
by hydroxylation at the C-2 position to derive SA (Yalpani et 
al, 1993a). The latter step is likely catalyzed by a cytochrome 
P450 monooxygenase, called benzoic acid 2-hydroxylase 
(BA2H), the activity of which is induced by either pathogen 
infection or exogenous BA application (Ledn et al. , 1993b). Be- 
cause exogenous BA causes SA accumulation but f-CA does 
not (Yalpani et al., 1993a), it seems plausible that the rate- 
limiting step in SA biosynthesis is the conversion of f-CA to 
BA, although other possibilities exist. 

The mechanism of BA production from f-CA is unknown, but 
it may occur in a manner similar to the ^-oxidation of fatty acids. 
Evidence for ^-oxidation of f-CA to BA comes from studies on 
Quercus pedunculata, showing that acetyl-CoA and ATP stimu- 
late the formation of SA from f-CA in cell-free extracts (Alibert 
and Ranjeva, 1971). However, other studies have suggested 
a nonoxidative mechanism; in suspension cultures of Uthosper- 
mum erythrorhizon and Daucus carota, the conversion of 
p-coumarate (differing from f-CA by an additional 4-hydroxyl 
group) to p-hydroxybenzoic acid appears to be independent 
of acetyl-CoA as a cofactor (Yazaki et al., 1991; Schnitzler et 
al., 1992). In this case, p-hydroxybenzaldehyde is formed as 
an intermediate, which is also inconsistent with p-oxidation. 
Both possibilities are illustrated in Figure 1. 

Interestingly, both BA and SA can be conjugated to glucose, 
and regulation of SA levels through SA or BA conjugation may 
be important. In healthy tobacco plants, there is a large pool 
of conjugated BA that decreases transiently in size after patho- 
gen infection. The decrease in conjugated BA levels correlates 



1812 The Plant Cell 




conjugated catechol 
benzoic acid 

Figure 1. Proposed SA Biosynthetic Pathways in Plants. 

Oxidative and nonoxidative pathways for the conversion of f-CA to 8A, leading to formation of SA, are shown. Solid arrows indicate established 
biochemical reactions, whereas broken arrows indicate possible steps not yet described (see Yazaki et al., 1991). 



with an increase in free BA and SA (Yalpani et al., 1993a). 
Once SA accumulates, it is rapidly converted to p-O-D-glu- 
cosy (salicylic acid (SAG), which apparently is not active in 
disease resistance (Le6n et al., 1993a). Conversion of SAG 
to free SA represents another potential mechanism for increas- 
ing levels of free SA (Figure 1). In summary, whereas SA 
appears to play an important role in both SAR and R 
gene-mediated resistance, little is known about its synthesis 
and degradation. 



MODES OF ACTION OF SA 

The mechanism by which SA induces SAR is unknown; how- 
ever, it has been proposed that H 2 0 2 acts as a second 
messenger of SA in SAR signaling. An SA binding protein was 
identified as catalase; SA was found to inhibit the catalase ac- 
tivity of this protein, leading to elevated levels of H 2 0 2 . 
Furthermore, H2O2 was found to cause induction of PR-1 
gene expression and was postulated to induce SAR (Chen et 
al., 1993, 1995). 

Recent reports, however, indicate that H2O2 is not a sec- 
ond messenger of SA in SAR signaling (Bi et al., 1995; Le6n 
et al., 1995; Neuenschwander et al., 1995b; Summermatter 
et al., 1995). For H 2 0 2 to function as a signaling agent of SA t 
H2O2 levels should increase in uninfected leaves of tobacco 
plants during SAR activation. This was tested by inoculating 
leaves of tobacco with TMV and monitoring the accumulation 



of H 2 0 2 , PR-1 mRNA, and the establishment of SAR. In the 
uninfected leaves of inoculated plants, SAR gene expression 
and the establishment of SAR did not correlate with an increase 
in H 2 0 2 levels. In addition, induction of PR-1 expression by 
H 2 0 2 was directly tested by infiltration of tobacco with H 2 0 2 . 
Substantial PR-1 mRNA accumulation resulted after infiltra- 
tion of 1 M H 2 0 2 , a concentration that also caused severe 
tissue damage. However, in NahG plants, 1 M H 2 0 2 did not 
induce PR-1 significantly, indicating a requirement for SA in 
H 2 02-mediated PR-1 expression (Neuenschwander et al., 
1995b). In fact, high concentrations of H 2 0 2 were found to 
induce SA synthesis in both tobacco (Leon et al., 1995; 
Neuenschwander et al., 1995a) and Arabidopsis 
(Summermatter et al., 1995), suggesting that H 2 0 2 may in- 
duce PR-1 accumulation through induction of SA. Taken 
together, these results indicate that Hj0 2 is not a second mes- 
senger of SA in the signal cascade leading to establishment 
of SAR. 

If H 2 0 2 is not directly involved in SAR signaling, what is the 
biological significance of the inhibition of catalase by SA? One 
possibility is that this finding is of little relevance for plant-patho- 
gen interactions. For example, recent reports suggest that very 
high levels of SA (1 mM) inhibit the in vitro activity of a variety 
of heme-iron-containing enzymes, including catalase (Chen 
et a)., 1993), ascorbate peroxidase (Durner and Klessig, 1995), 
and the mitochondrial enzyme aconitase, possibly as a con- 
sequence of the reported ability of SA to chelate iron (Rueffer 
et al M 1995). This effect of SA on enzyme inhibition may have 
no real biological significance. Alternatively, the inhibition of 
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catalase and peroxidase could be very important for lesion 
formation. The K d for SA binding to catalase and ascorbate 
peroxidase was reported as 14 nM (Chen and Klessig, 1991) 
and 78 nM (Durner and Klessig, 1995), respectively. This 
concentration of SA occurs immediately adjacent to a pathogen- 
induced lesion but not in uninfected leaves in which SA con- 
centrations are 10- to 100-fold lower (Enyedi et al. t 1992; 
Neuenschwander et al., 1995b). Therefore, the biological sig- 
nificance of SA-mediated inhibition of oxido reductases may 
be restricted to local responses in infected tissue. 

Interestingly, in parsley cell cultures and cucumber cot- 
yledons, SA pretreatment was recently found to increase 
dramatically the competence of the tissue to trigger a burst 
of H 2 0 2 in response to subsequent elicitor treatment. This 
conditioning of cells by SA was dependent on protein synthe- 
sis and correlated with enhanced resistance of cucumber 
cotyledons to the fungal pathogen Colletotrichum lagenarium. 
Moreover, the increase in H 2 0 2 levels was not due to a de- 
crease in the rate of degradation but to an increase in H 2 0 2 
synthesis (Kauss and Jeblick, 1995; Fauth et al., 1996). 

Thus, the data now available suggest the existence of more 
than one mode of action of SA in resistance responses. In unin- 
fected leaves, a high-affinity receptor for SA could mediate the 
induction of SAR gene expression. After establishment of SAR, 
the tissue becomes competent for rapid elicitation of an ox- 
idative burst at the site of pathogen attack, as opposed to a 
slower response in tissues in which SAR has not been estab- 
lished. In infected leaves, high concentrations of SA around 
the site of infection may inhibit catalase and other oxidoreduc- 
tases. Inhibition of catalase activity could prolong the half-life 
of H 2 0 2 and lead to an amplification of the oxidative burst. 
The oxidative burst may trigger a variety of local defense re- 
sponses (Mehdy, 1994; Levine et al., 1996; see also Hammond- 
Kosack and Jones, 1996, in this issue), including programmed 
cell death during the HR as well as defense gene expression 
and synthesis of SA in adjacent cells. This would create a runa- 
way cycle leading to high levels of both SA and H 2 0 2 at the 
site of pathogen attack. In this model, inhibition of oxidoreduc- 
tases represents a low-affinity perception mechanism that 
transduces high local SA levels into local defense responses. 



CHEMICAL ACTIVATORS OF SAR 

SAR was first described as a response to pathogen infection. 
Subsequently, it has been found that treatment of plants with 
low molecular weight molecules can also induce SAR. The 
use of chemicals to activate SAR provides novel alternatives 
for disease control in agronomic systems as well as tools for 
the elucidation of the SAR signal transduction cascade 
(Neuenschwander et al., 1995a). To be considered an activa- 
tor of SAR, a chemical should exhibit three characteristics 
(Kessmann et al., 1994): first, the compound or its significant 
metabolites should not exhibit direct antimicrobial activity; sec- 
ond, it should induce resistance against the same spectrum 
of pathogens as in biologically activated SAR; and third, it 



should induce the expression of the same marker genes as 
evident in pathogen-activated SAR. 

Several chemicals or extracts, including silicon, phosphate, 
2-thiouracil, polyacrylic acid, nucleic acids, and fosethyl-AI, 
have been reported as potential activators of resistance but 
have failed to fulfill the above criteria (Kessmann et al., 1994). 
Other compounds, such as DL-3-aminobutanoic acid or 
probenazole, have been shown to slightly induce either PR-1 
gene expression or resistance against one or two pathogens, 
but activation of bona fide SAR has not been demonstrated 
(Iwata et al., 1980; Asselin et at., 1985; Cohen et al., 1993). 

To date, SA is the only plant-derived substance that has been 
demonstrated to be an inducer of SAR (White, 1979; Antoniw 
and White, 1980; Ward et al., 1991). The chemicals 2,6- 
dichloroisonicotinic acid and its methyl ester (both referred to 
as IN A) were the first synthetic compounds shown to activate 
SAR, thus providing broad-spectrum disease resistance 
(MStraux etal., 1991; Vernooij et al., 1995). However, both SA 
and 1NA were insufficiently tolerated by some crop plants to 
warrant practical use as plant protection compounds. Recently, 
the synthetic chemical benzo(l,2,3)thiadiazole-7-carbothioic 
acid S-methyl ester (BTH) was demonstrated to be a potent 
SAR activator (Friedrich et al., 1996; Gorlach et al. ( 1996; 
Lawton et al., 1996) that supplies protection in the field against 
a broad spectrum of diseases in a variety of crops. Thus, BTH 
is an attractive compound for practical agronomic use. The 
resistance observed in the plants after treatment with INA or 
BTH is not due to a direct action of the compounds on the patho- 
gen, because neither the compounds nor their significant 
metabolites exhibit in vitro antibiotic activity (M6traux et al., 
1991; Friedrich et al., 1996). Moreover, in tobacco, Arabidop- 
sis, and wheat, INA and BTH induce the same set of SAR genes 
that is induced by SA (Ward et al., 1991; Uknes et al., 1992; 
Friedrich et al., 1996; Gorlach et al., 1996; Lawton et al., 1996). 

Neither INA nor BTH treatment causes elevated levels of 
SA in the plant, and both compounds activate SAR when ap- 
plied to NahG plants, suggesting that both INA and BTH act 
independently or downstream of SA in SAR signaling (Vernooij 
et al., 1995; Friedrich et al., 1996). INA, BTH, and SA are un- 
able to activate SAR gene expression in the nim1 mutant 
(noninducible immunity) of Arabidopsis (see below), suggesting 
that all three compounds activate the SAR signal transduc- 
tion pathway through the same signaling cascade (Delaney 
et al, 1995; Lawton et al., 1996). Furthermore, the structural 
similarities of the three compounds (Gorlach et al., 1996) sug- 
gest that they may all bind to the same receptor, although direct 
evidence for this is lacking. 



CONSTITUTIVE SAR MUTANTS 



In an effort to identify steps in the SAR signal transduction 
pathway, several groups have taken a genetic approach. 
Arabidopsis was chosen as the model plant because it is an 
established plant system for mutant analysis (Redei and Koncz, 
1992) and gene isolation (Meyerowitz, 1992) as well as a facile 



( 
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etal., 1994; Weymann etal., 1995). These data show that there 
is a clear link between cell death and SAR induction. 

In an effort to determine the epistatic relationship between 
SA accumulation and cell death in SAR signal transduction, 
fsdl, Isd2, Isd4, I$d6, and Isd7 were crossed to NahG plants 
(Weymann et al., 1995; M.D. Hunt, T. Delaney, R. Dietrich, K. 
Weymann, J. Dangl, and J.A. Ryals, unpublished results; U.H. 
Neuenschwander, R. Dietrich, J. Dangl, and J.A. Ryals, un- 
published results). Consistent with previous reports in which 
nahG expression suppressed SAR gene expression (Delaney 
et al., 1994; Lawton et al., 1995), progeny of crosses between 
I$d2, f$d4 t Isd6, or Isd7 and NahG plants did not exhibit PR-1 
gene expression. Furthermore, the resistance to a virulent R 
parasitica isolate evident in the parental mutants was not re- 
tained in the progeny of Isd/NahG crosses. This is consistent 
with the lack of SAR activation by necrogenic pathogens that 
is evident in wild-type plants expressing nahG (Gaffney et al., 
1993; Delaney et al., 1994; Lawton et al., 1995). 

The placement of the lesion mimic mutants in the SAR sig- 
nal transduction pathway model (Figure 2) was also facilitated 
by the nahG epistasis experiments. Lesion formation remained 
unchanged for tsd2 or Isd4 expressing nahG compared with 
the Isd2 and Isd4 parents (M.D. Hunt, T. Delaney, R. Dietrich, 
K. Weymann, J. Dangl, and J.A. Ryals, unpublished results), 
indicating that Isd2 and lsd4 exhibit cell death that is indepen- 
dent of SA or SA-dependent processes. In contrast, lesion 
formation was suppressed in l$d1, /sd6, or /sd7 mutants ex- 



Table 1. Arabidopsis SAR Mutants 

Chromosome— 
Dominancy/ SA 



Mutant 


Ecotype 


Mutagen 


Recessivity 


Levels 


Comments 


References 


SAR constitutive 














acd2-2 


Col-0 


EMS 8 


4— recessive 


High 


Spontaneous lesions 


Greenberg et al. (1994) 


cim2 


Col-0 


EMS 


ND°— dominant 


High 


No spontaneous lesions 


Lawton et al. (1993) 


cim3 


Col-0 


EMS 


ND-dominant 


High 


No spontaneous lesions 


H.-Y. Steiner and J.A. Ryals, 














unpublished data 


cpM 


Col-0 


EMS 


ND— recessive 


High 


Lesioned status undetermined 


Bowling et al. (1994) 


Isd1 


Ws-0 


T-DNA 


4— recessive 


High 


Spontaneous lesions 


Dietrich et al. (1994) 


lsd2 


Col-0 


EMS 


ND— dominant 


High 


Spontaneous lesions 


Dietrich et al. (1994) 


Isd3 


Ws-0 


T-DNA 


ND- recessive 


High 


Spontaneous lesions 


Dietrich et al. (1994) 


Isd4 


Ws-0 


T-DNA 


ND-dominant 


High 


Spontaneous lesions 


Dietrich et at. (1994) 


tsdS 


Ws-0 


T-DNA 


ND— recessive 


High 


Spontaneous lesions 


Dietrich et al. (1994) 


!sd6 


Col-0 


EMS 


1 -dominant 


High 


Spontaneous lesions 


Weymann et al. (1995) 


tsd7 


Col-0 


EMS 


ND-dominant 


High 


Spontaneous lesions 


Weymann et al. (1995) 


SAR compromised 




NahG 










NahG 


Col-0 


4-dominant 


Low 


INA rescuable 


Lawton et al. (1995) 


ndrt 


Col-0 


Fast neutron 


3— recessive 


ND 


INA rescuable 


Century et al. (1995) 


nim1 


Ws-0 


T-DNA 


1 — recessive 


Normal 


INA/SA insensitive 


Delaney et al. (1995) 


nprl 


Col-0 


EMS 


ND— recessive 


ND 


INA/SA insensitive 


Cao et al. (1994) 



a EMS, ethyl methanesulfonate. 
b ND, not determined. 



system for studying plant-pathogen interactions in general 
(Dangl, 1993; Kunkel, 1996) and SAR in particular (Uknes et 
al., 1992; Cameron et al., 1994; Mauch-Mani and Slusarenko, 
1994). Mutants that are constitutively activated for SAR or com- 
promised in their ability to launch the SAR response have been 
identified. Employing these mutants in epistatic analyses is 
a first step toward elucidating the steps in the pathway lead- 
ing to SAR activation. A reference compilation of SAR mutants 
identified to date is provided in Table 1, and a hypothetical 
schematic of the SAR signal transduction pathway is shown 
in Figure 2. 

SAR is activated by pathogens that trigger or cause a cell 
death response in plants. The cell death can extend from an 
HR to disease-related necrosis, but the SAR-specific elements 
of the death process are not clear. One approach toward un- 
derstanding the relationship between ceil death and SAR is 
to study mutants that spontaneously exhibit cell death in the 
absence of pathogens (Langford, 1948; Walbot et al., 1983; 
Wolter et al., 1993; see also Dangl et al., 1996, in this issue). 
The identification of these mutants suggests the action of a 
genetically controlled programmed cell death process. In 
Arabidopsis, seven mutants called Jesions simulating disease 
(Isd1 to Isd7) and one called accelerated cell death (acd2) 
have been described. In addition to their spontaneous lesion 
formation phenotype, these mutants display elevated SAR gene 
expression, high concentrations of SA (see Table 1), and re- 
sistance to virulent pathogens (Dietrich et al M 1994; Greenberg 
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cprl ? 
cim2 
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Acid 
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, Systemic Acquired 
Resistance 



Figure 2. Signal Transduction in SAR. 

Pathogen-induced necrosis triggers the activation of both systemic (bottom) and local (top) acquired resistance. Both signaling cascades are 
SA dependent and are blocked in NahG plants that are unable to accumulate SA due to the expression of salicylate hydroxylase. Lesion formation 
in the mutants Isdl and I$d6 is SA dependent, suggesting a feedback loop. NahG plants but not the nimi and npri mutants can be "cured" by 
the two activators INA and BTH. ?, hypothetical placings of mutants in the scheme. Adapted with permission from Hunt and Ryals (1996). 



pressing nahG (U.H. Neuenschwander, R. Dietrich, J. Dangl, 
and J.A. Ryals, unpublished results; Weymann et al. f 1995), 
indicating that SA or some SA-dependent process is neces- 
sary for spontaneous cell death in these mutants. 

The results obtained from the crosses of fed7, /sd2, Isd4, /sd6, 
or Isd7 with NahG plants are conflicting because they suggest 
that lesion formation may be positioned both before and after 
SA accumulation in the signal transduction pathway. Neverthe- 
less, considerable evidence places lesion formation before SA 
accumulation. For example, the exogenous application of SA 
to wild-type plants at levels that effectively activate SAR does 
not induce lesion formation, although at very high concentra- 
tions, SA can cause phytotoxicity (Ward et al., 1991). 
Furthermore, lesion formation in NahG tobacco and NahG 
Arabidopsis is not inhibited, even though SA levels are 
markedly reduced (Gaffney et al., 1993; Delaney et al., 1994; 
Friedrich et al., 1995). One possible explanation for the sup- 
pression of lesion formation in the progeny of Isdl, /$d6, or 
Isd7 and NahG crosses is feedback regulation of lesion for- 
mation by SA or SA-dependent events. In support of this 
hypothesis, the na/rG-expressing Isdl or Isd6 mutants have 
been shown to regain lesions after INA treatment, indicating 
that SA-dependent signaling events may indeed regulate 
processes such as lesion formation (Weymann et al., 1995). 
The ability to restore lesions by INA application to progeny of 
/sd7 or Isd6 and NahG crosses is compelling evidence for a 
feedback loop in the SAR signal transduction pathway (see 
Figure 2). 

Arabidopsis mutants also have been identified that possess 
elevated SA levels and constitutive SAR gene expression in 
the absence of cell death. Mutants that lack spontaneous cell 
death but exhibit constitutive SAR are named cim, because 



they exhibit constitutive inimunity that renders them resistant 
to virulent pathogens (Lawton et al., 1993). cim3 displays no 
visible or microscopic lesions after trypan blue staining, pos- 
sesses elevated levels of both free and conjugated forms of 
SA, and shows constitutive expression of the SAR biochemi- 
cal markers PR-1, PR-2, and PR-5 (H.-Y. Steiner, S. Uknes, 
E. Ward, K. Weymann, D. Chandler, S. Potter, and J.A. Ryals, 
unpublished data). Moreover, cim3 exhibits heightened resis- 
tance to infection with virulent bacterial {R syringae DC3000) 
and fungal (R parasitica) pathogens. Consistent with previous 
mutant analyses, inhibition of SA accumulation in cim3 by ex- 
pression of nahG suppresses both SAR gene expression and 
resistance to R parasitica. The phenotype of cim3 indicates 
that it may encode a gene product that functions at an early 
step in the signal transduction cascade leading to SAR acti- 
vation, occurring after cell death but before SA accumulation. 
Interestingly, Bowling et at. (1994) described and character- 
ized an Arabidopsis mutant that is a constitutive expresser 
of PR genes (cprl ) and that exhibits SAR. However, histochem- 
ical staining of leaves to identify the presence of microscopic 
lesions was not reported, so the classification of this mutant 
with respect to lesion formation is uncertain. 



SAR-COMPROMISED MUTANTS 

In addition to mutants with enhanced disease resistance, 
Arabidopsis mutants that are compromised in their pathogen 
defense responses have been identified and characterized. 
Delaney et al. (1995) identified and characterized six allelic 
recessive mutants named nim that are not responsive to 
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exogenous application of SA or synthetic SAR activators such 
as INA. Similarly, Cao et al. (1994) have also isolated and 
described a recessive Arabidopsis mutant called npr1 (nonex- 
presser of PR genes), which exhibits compromised activation 
of SAR. npr1 may be allelic to nimt 

The phenotypes of niml and npr1 indicate that their block 
in SAR signaling occurs before SAR gene expression but sub- 
sequent to SA accumulation. Evidence for this placement was 
obtained by analysis of niml plants infected with the avirulent 
pathogen R syringae DC3000 harboring the cloned avrRpt2 
gene (Whalen et al., 1991). niml plants were shown to accumu- 
late both free and glucose-conjugated SA levels in excess of 
those in wild-type plants. Therefore, niml plants are able to 
accumulate SA in response to pathogen infection but appear 
to be defective in SA perception or in subsequent SA-sensing 
events. That the niml and npr1 mutations define genes that 
act before SAR gene expression was substantiated by the lack 
of PR-1 induction evident in these plants after INA or SA treat- 
ment. Furthermore, niml plants showed reduced and delayed 
levels of PR-1 mRNA accumulation after infection with the viru- 
lent pathogen R parasitica isolate EMWA. Taken together, these 
results indicate that the niml and npr1 mutants are com- 
promised in both pathogen-associated and chemical activation 
of SAR. 

In contrast to niml and npn t Century et al. (1995) identified 
a partial resistance-compromised mutant ndr1-1 (non-race- 
specific disease resistance) that is susceptible to several R 
parasitica isolates (virulent and avirulent) as well as to R syrin- 
gae DC3000 carrying any one of the cloned bacterial avirulence 
genes avrB, avrRpml, avrRpt2, and avrPph3. Interestingly, de- 
spite its susceptibility to normally avirulent pathovars, the HR 
of the ndrt-1 mutant was not substantially different from that 
in the wild type in response to infection with R syringae har- 
boring avrB, avrRpml, or avrPph3. However, an HR was not 
evident in ndr1-1 after infection with R syringae harboring 
avrRpt2. These results are particularly interesting because of 
the apparent uncoupling of the HR and disease resistance. 
ndr1~1 differs from niml and npr1 in that resistance is restored 
upon INA treatment (K. Century and 8. Staskawicz, personal 
communication). Therefore, \hendr1-1 mutation probably pre- 
cedes SA accumulation in the SAR signal transduction 
pathway, whereas niml and npr1 presumably act subsequent 
to SA accumulation. 



CONCLUSION 

When a pathogen is perceived by a host plant, a series of re- 
sponses can be activated. Some of these responses, such as 
the synthesis and release of ethylene, may predispose the plant 
to further infection and thus contribute to disease susceptibil- 
ity (Ecker, 1995). Other responses may contribute to the active 
defense of the host against the pathogen. One of these resis- 
tance responses is the SAR signal transduction pathway. 
Evidence that this response, is important for resistance is that 



when the pathway is blocked through design (e.g., in NahG 
transgenic plants) or mutation (e.g., niml, npr1, ndrl ), the plant's 
defense is compromised. Furthermore, when the pathway is 
stimulated by exogenous compounds such as BTH or INA, or 
by mutation (e.g., tsd, acd2, cim3, cpr1) t the host's defense 
is strengthened. 

Although it is clear that the SAR signal transduction path- 
way is central to disease resistance, there are still many 
unanswered questions. What is the identity of the translocated 
signal? How is SA synthesized after pathogen infection? What 
is the receptor for SA, INA, and BTH? A detailed understand- 
ing of this pathway is important for both practical and theoretical 
reasons. 
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